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Knowledge of the spectroscopic features of a molecule leads not only to a bet-
ter understanding of its physical and chemical properties but may also teach 
us how to control certain molecular processes. In a near future we may steer 
chemical reactions using photo-induced processes. In this perspective, the 
study of highly excited molecular systems is particularly interesting owing 
to their enhanced reactivity. Laser based techniques enable us to investigate 
molecular spectra at high resolution and high sensitivity. 
Mainly two issues are addressed in this thesis. First, hot band inves-
tigations reveal spectroscopic features which are normally not observed in 
fundamental infrared bands. Hot band spectra of symmetric top molecules 
may show band shapes quite different from their fundamental counterparts. 
A good example is presented in Chapter 5 where a split hot band is reported. 
Spectroscopy of high vibrational levels (around 4000 c m 1 ) also clarifies the 
origin of intramolecular vibrational energy redistribution (IVR) manifest-
ing itself by numerous spectral perturbations; often neighbouring molecular 
levels have been identified as the responsible perturbers. From this point of 
view the four molecules studied yield widely different results as they cover 
the range from hardly to heavily perturbed spectra. On one end we find the 
acetylene molecule with its clean rovibrational structure and on the other 
end we find ethane, where the density of background states becomes so high, 
due to the low lying torsional mode, that the identification of individual dark 
states did not seem sensible, though the rovibrational spectrum remained 
well assignable. Somewhere in between we encounter the ethylene molecule 
where many perturbing levels have been identified from the various hot band 
spectra analysed in this work. 
Second, in the experiments presented in this thesis, the high vibrational 
levels are accessed in a two-step excitation process where the population of 
the intermediate level is strongly affected by collisions. The double resonance 
technique is exploited to obtain information on propensities and symmetry 
restrictions of the various relaxation channels accessible in collisional en-

















Figure 1.1: Different rovibrational transitions observable in infrared spec­
troscopic studies. Starting from the ground vibrational state: Fundamental, 
Combination band and Overtone; starting from a vibrationally excited 
state: Difference band and Hot band. 
species, inter-molecular vibrational energy transfer has been investigated. 
1.1 Hot band spectroscopy 
Investigation of hot bands is a rather new topic in high resolution infrared 
spectroscopy. Until about a decade ago, the major part of infrared spec­
troscopic studies dealt with fundamental bands and, occasionally with com­
bination bands and overtones. As more sensitive spectroscopic techniques 
with high resolution became available weak spectral features in the 'clas­
sical' room temperature spectra were observed, which were attributed to 
bands starting from vibrationally excited levels, carrying a small fraction of 
the total population at ambient temperatures: the hot bands. 
Though both hot bands and fundamentals are subject to the same in­
frared selection rules, their appearances may be quite different. One of the 
reasons is that the lower state of a hot band is no longer necessarily to­
tally symmetric as is the case for fundamentals, overtones and combination 
bands, where the initial state is always the ground state (Fig. 1.1). In partic­
ular in a symmetric rotor if both the upper and lower state are degenerate 
(i?-syinmetry), this may lead to uncommon band shapes. In the present 
work such transitions have been investigated in propyne (Chapter 4) and in 
ethane (Chapter 5). In the literature, detailed theoretical investigations of 
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these types of bands have recently become available, though for a limited 
number of molecular symmetry groups, see e g Ref [1] 
A second effect influencing the appearance of hot band spectra is the high 
density of vibrational background states near the upper level As one climbs 
the molecular energy ladder this density of states increases very rapidly and 
can be estimated by counting all possible vibrational combination levels at a 
certain energy[2] Thus, the upper states of the hot band transitions studied 
in this work, located around 4000 c m - 1 , are surrounded by a number of 
vibrational combination states which are often unobservable in the infrared 
spectrum as they do not possess sufficient absorption strength However, 
evidence for the presence of these dark background states can be found in 
their effects on the spectrum of a bright state The dark states couple to the 
bright state under study through various coupling mechanisms, causing the 
rotational levels of the bright state to shift or even split The magnitude of 
the perturbation, and thus of the shifts, depends on the distance between 
bright and dark state and on the strength of the interaction In case of a 
strong interaction, the dark state may become (slightly) observable in the 
spectrum due to resonant intensity borrowing from the bright state 
Perturbations mostly cause rotational energy levels to shift smoothly 
with the rotational quantum number J, fitting the line positions to stan­
dard spectroscopic expressions causes the rotational parameters to assume 
effective values Determination of the true values is often a difficult job be­
cause one must explicitly introduce coupling terms with the dark state(s) in 
the Hamiltonian Prior knowledge of possible perturbing states is required 
in order to find the right interaction schemes 
Historically, in many studies of highly excited molecular systems dark 
state interactions perturbing the spectrum have been encountered We men­
tion here the work of the Scoles group[3, 4] where molecular beam optother-
mal infrared spectroscopy has been performed on C-Η stretching vibrations 
and their overtones, for several terminal acetylenes, the energy flow from 
the excited 'end' to the probed 'end' of the molecule has been an important 
subject of investigation In the group of Perry[5] somewhat larger and/or 
floppier molecules have been investigated by high resolution infrared spec­
troscopy, where a high density of states occurs already at relatively low 
energies Many overtone studies of several halo-methanes at vibrational res­
olution, leaching energy levels beyond 10 000 c m - 1 , have been reported by 
Quack and coworkers[6], determination of coupling strengths between se­
lected bending and stretching modes, so-called dyads, has been the main 
goal of these investigations Multi-photon excitation using powerful in­
frared laser sources is another way to access high lying molecular states[7] 
This technique has been employed to investigate the (near) quasi-continuum 
of rovibrational states in SFe[8] Also in UV-visible spectroscopic studies 
dark state interactions have been investigated, though here between differ­
ent vibróme states An example are the smglet-triplet interactions, also 
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referred to as intersystem crossings, described in the work of Meerts and 
collaborators [9] 
The extent to which the spectrum is perturbed usually determines the 
approach followed to analyse the transitions and the interactions When a 
large number of dark states interacts with the bright state and in addition 
the dark states interact among each other, it will be very difficult, if not 
impossible, to treat each dark state interaction individually A method 
based on stochastic modelling of a bath of dark states will usually be applied 
in that case[5, 9] Parameters of individual dark states are not obtained 
but parameters such as the density of background states and bright-bath 
coupling elements can be evaluated 
However, if the density of background states is not too high, typically 
less than one state per cm - 1 (per symmetry), the perturbing states may be 
treated individually The dark state usually manifests itself as level shifts 
in the bright state and occasionally as a splitting of levels[10] In case of 
Conohs type interactions the level shifts strongly depend on the rotational 
quantum numbers, as opposed to anharmonic interactions By examining 
the nature of the perturbation and its effects on the bright state one can 
determine the symmetry of the dark state and estimate its band origin and 
rotational constants With these parameters the dark state can often be 
identified with high certainty In least squares fits of the bright state energy 
levels, the rotational parameters of the dark state and the coupling strength 
can be introduced, providing a possibility to obtain accurate information on 
the dark state 
The spectra presented in this thesis show the various degrees of per-
turbation In ethylene the relatively low density of background states near 
4000 cm - 1 allows to individually identify a number of perturbers affecting 
the bright state spectra In order to perform such an analysis it is necessary 
that one can estimate the energies and rotational constants of the possible 
perturbers to determine the expected effects on the bright state Including 
dark state interactions in the fitting procedures, however, is not a sinecure 
and care has to be taken that parameters do not deviate too far from their 
estimated values In addition, one must bear in mind that dark states are 
likely to interact among each other as well so that the effect on the bright 
state may be due to a combination of different interactions 
In ethane, the high density of background states does not allow such 
an analysis, the spectrum appears severely perturbed Due to the high 
density of states it does not seem sensible to perform a fit using the approach 
described above for ethylene, too many parameters of individual dark states 
would have to be included We have therefore chosen to analyse each K-
stack separately and to derive effective rotational parameters m which the 
net-effect of the perturbations is incorporated Applying this method no 
spectroscopic information on the dark states is obtained, but it allows to 
decide which Ji-stacks of the bright state are perturbed and to what extent 
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1.2 Relaxational aspects 
Application of double resonance techniques in a collisional environment such 
as the molecular jet expansion used in this work, allows to study the relax-
ational pathways in a molecule, after excitation by a pump laser[ll]. In 
the time it takes the molecules to travel from the pump laser to the probe 
laser beam, they suffer several collisions during which «¡vibrational energy 
is redistributed over many states of the molecule. Strong propensities as to 
where the rovibrational energy is preferentially deposited may occur. 
The narrow bandwidth of the pump laser allows to excite a single rovi-
brational level from where relaxation starts. The population of the directly 
pumped level is much higher than that of the levels populated through colli-
sional relaxation. This gives a possibility to label certain rovibrational levels; 
comparing hot band spectra obtained with different pump transitions, the 
intensity of certain transitions will be strongly enhanced allowing an easy 
assignment of these labelled transitions. Each of the singly pumped levels 
possesses a certain symmetry; it has been observed that after collisions the 
excited molecule preferentially possesses the same symmetry. Thus single 
state excitation leads to symmetry labelling. In the present work, two weak 
hot bands of ethylene have been identified with the aid of this labelling 
technique. In principle, it would have been possible to observe doorway-
states, yielding for a certain pumped state one (or some) highly preferred 
collisionally accessed level(s). We have not observed such doorway-states. 
In case of a jet expansion containing different molecular species, rovibra-
tional energy is also transferred from one molecular species to the other, pro-
vided that the 'acceptor' molecule possesses vibrations with energies about 
equal to or lower than the excited vibration of the 'donor' molecule. En-
ergy transfer between different molecular species, where pump and probe 
lasers are tuned to resonances of donor and acceptor molecules, is exploited 
in much of the work described in this thesis. It allows to excite molecular 
vibrations which cannot be reached with conventional infrared pump tech-
niques due to selection rules and/or because adequate laser sources are not 
available. 
The efficiency with which vibrational states can be populated in the jet 
strongly depends on their collisional stability, which is determined by the 
rates of the different relaxation channels to and from this state. Relaxation 
rates are influenced by many factors, e.g. the symmetry of the participating 
states, the energy gap to the next lower state, the collision partner and its 
possible permanent dipole moment. A collisionally unstable state is unable 
to collect significant population and no hot bands are observed starting from 
this state; collisionally stable states, however, may act as buffer reservoirs 
collecting large amounts of population which are observed as hot bands by 
the probe laser. In case of a bimolecular jet, the initially excited molecule 
must possess a collisionally stable state in order to render efficient the V-V 
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transfer process to the second molecule m the expansion, this is the case for 
the donors used m the experiments described here, SFe acts as a stable donor 
owing to its slowly relaxing 1/3 level at 949 cm - 1 [12] similar to C2H4 with its 
1/10 level at 826 cm - 1 [13] For an unstable donor, intramolecular relaxation 
occurs quickly which would not leave time for the slow intermolecular V-V 
exchange processes to 'swap' the vibrational energy to the acceptor 
As the determination of absolute relaxation rates is difficult m our ex-
perimental set-up, we have limited ourselves to a qualitative investigation of 
the relaxational pathways and relative rates for the different molecules that 
we have studied We will describe vibrational states 111 terms of colhsionally 
stable and unstable, or slowly and quickly relaxing states, respectively 
The symmetry of a molecule may greatly influence its relaxational be-
haviour Conservation of overall symmetry in ethylene during collisions was 
already observed by Dam et al [11], the overall symmetry is correlated to the 
nuclear spins of the four hydrogen atoms, which are not expected to change 
during a collision In Chapter 2 a theoretical description of this behaviour is 
given, based upon the interaction potential between two colliding molecules 
If a molecule possesses a center of inversion, additional propensity rules 
can be derived, in Chapter 2 it is shown that relaxation in ethylene occurs 
between vibrations with identical inversion symmetry (u —» u, g -t g) Since 
the initially excited level has ungerade symmetry - all infrared active modes 
are ungerade - only ungerade modes have been accessed by collisional re-
laxation During intermolecular energy transfer between different molecular 
species, however, both gerade and ungerade modes of the acceptor can be 
excited, as is clearly borne out by the acetylene experiments presented in 
Chapter 3 
1.3 Experimental methods 
In Chapter 2 the experimental apparatus is described in detail Here we give 
a brief and general description of the experimental methods and techniques 
applied 
The experiments are performed m the collisional environment created by 
a supersonic expansion of the sample molecules into vacuum The collisions 
allow rovibrational energy to be transferred from one mode to another or to 
be exchanged between two molecules A slit nozzle is used in order to obtam 
a longer absorption pathlength, stronger signals and a smaller hnewidth[15], 
a drawback is the huge gas consumption which does not allow us to study 
expensive samples such as isotopically substituted species 
An IR-IR double resonance technique has been employed to record hot 
band spectra and to study the relaxational propensities To that end, two in-
frared lasers have been applied in a pump-probe configuration Observation 
of collision-induced effects by double resonance techniques was first reported 
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Figure 1.2: Pump-probe scheme applied m the experiments By modu­
lation of the pump laser beam and phase sensitive detection of the probe 
laser beam, the hot band spectrum ¡s observed against zero background 
Probe transitions starting from levels populated (\x >) or depleted (\g >) 
by the pump laser, appear 18CP out of phase m the spectrum and can thus 
be distinguished directly 
by Shoemaker et al [16] and it was shown by Matsushima and coworkers[17] 
that these techniques could be applied to study hot bands 
Here, a cw CO2 waveguide laser (λ иІО μηί) is used as pump source 
The output power of the laser is increased up to 10 Watts with the use 
of a 1 m long waveguide amplifier The tuning range of the CO2 laser, 
determined by pressure broadening of the laser transitions of CO2 inside the 
waveguide tube, amounts to approximately ±100 MHz around each line 
This range is extended using an Acousto Optical Modulator (AOM), which 
shifts the frequency by ±100 MHz per pass by Bragg reflection of the laser 
radiation on moving acoustical wavefronts in a crystal Nevertheless, the 
CO2 laser can only be operated in narrow spectral wmdows[14] so that 
solely molecules which possess infrared absorptions within these windows 
can be resonantly excited Such molecules are for example СгН^Ів], SFe[19], 
NH3[20], CH3OH[21], SiH4[22] and Os04[23] 
A continuously tunable F-Center laser (FCL) with an output power of 
around 10 mWatts is used as probe laser The laser can be tuned under com­
puter control[24] from about 2975 c m - 1 to 3700 c m - 1 with a bandwidth of 
about 5 MHz (FWHM) In this frequency range the C-Η stretching vibra-
pump 
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tions of the molecules investigated are located As can be seen from Fig 1 1 
a fundamental band (F) and its accompanying hot band (H) lie close to each 
other, the shift, determined by the cross anharmomcity between ux and vy 
(Xxy)·, is usually of the order of a few wavenumbers The laser frequency is 
monitored and calibrated with the use of two étalons and a small absorption 
cell containing a reference gas 
Both laser beams cross the jet in opposite directions, parallel to the 
long axis of the sht The pump beam is mechanically modulated at about 
700 Hz and the probe beam is phase sensitively detected In this way, the 
lock-in amplifier records the changes in FCL absorption induced by the CO2 
laser radiation These changes may be either positive or negative depending 
on whether the lower level of the probe transition is populated or depleted 
by the pump laser Since the changes in FCL attenuation by the jet are 
recorded, rather than the attenuation itself, the baseline in these spectra is 
constant and zero, rendering this technique more sensitive than conventional 
absorption spectroscopy The linewidth amounts to approximately 100 MHz 
(FWHM) which is about one third of the Doppler width at room temper-
ature The pump-probe scheme and the detection technique is depicted in 
Fig 12 
In order to be able to study hot bands even for molecules without ab-
sorptions inside the spectral windows of the CO2 laser, the exchange of vi-
brational energy between two molecules in the colhsional environment of the 
jet expansion has been exploited A mixture of molecules under study (ac-
ceptor) and molecules possessing coincidences with CO2 laser lines (donor), 
usually seeded in argon, is expanded The CO2 laser resonantly excites the 
donor molecules, during a collision, exchange of a vibrational quantum with 
the second molecular species present in the expansion takes place, which is 
then probed with the FCL Relaxation rates in both molecules greatly in-
fluence the efficiency with which vibrationally excited states in the molecule 
under study can be populated 
1.4 Molecules studied 
We have studied hot band spectra of several small hydrocarbons Exploiting 
collisional relaxation to populate various vibrational levels is especially well 
suited for these small molecules, they possess a relatively low number of 
vibrational states below 1000 cm - 1 which prevents the excited state popu-
lation from spreading out over too many levels thus leaving the population 
per single level unobservable 
The donor molecules that have been used to rolhsionally excite the ac-
ceptor molecules under study are ethylene (C2H4) and sulphur hexafluonde 
(SFe), both possess several good coincidences with CO2 laser frequencies 
In ethylene several rotational states belonging to the 1/7 mode at 948 cm - 1 
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can be individually excited by the CO2 laser, they decay quickly to the col-
lisionally stable and lowest vibrational mode, що at 826 c m - 1 , which acts 
as buffer state In SFe, the colhsionally stable 1/3 F-S-F stretching mode 
at 949 c m - 1 possesses rotational states that can be resonantly excited by 
a CO¿ laser SFe has a larger absorption cross section than C2H4 so that 
more energy can be pumped into the jet with SFÖ as donor molecule 
Two of the studies presented in this thesis are devoted to the hot band 
spectra of ethylene in the 3000 cm - 1 and 3100 cm - 1 regions The possibility 
to excite the vj vibration directly with the COj laser allowed to identify two 
weak hot bands starting from this colhsionally unstable state A theoreti-
cal description of the propensities governing the relaxation from 1/7 to the 
collisionally long lived i/w state is presented in Chapter 2 The differences 
between the spectra obtained by directly pumping the vj level in ethylene 
and by pumping through SFe as donor are discussed in Chapter 6 
Acetylene (C¿H2) is well known for its very strong absorptions near 3 μπι 
where the C-Η stretching vibration is located We have therefore chosen this 
molecule as a first candidate to investigate the possibility to activate the low 
lying bending modes through collisions with excited ethylene molecules in 
order to perform hot band spectroscopy on C2H2 The experiment showed 
that the vibrational energy stored in ethylene is efficiently transferred to 
acetylene so that several hot bands can be observed with a good signal to 
noise ratio (Chapter 3) 
In propyne (C3H4) a hot band transition between two degenerate states 
has been observed Nevertheless, the band greatly resembles a normal par­
allel band except for a small splitting due to Conohs interaction The hot 
band signals are rather weak for this molecule which we attribute to the rela­
tively high number of low lying vibrational states dispersing the population 
Due to the low intensity of the hot band, it was not possible to find evidence 
for strong perturbations in the spectrum arising from dark state interactions 
as observed in the fundamental acetylemc C-Η stretch spectrum[4] 
An interesting hot band transition between two degenerate levels has 
been observed in another symmetric top molecule, ethane (СгНб) The hot 
band starts from the rather high lying щ vibration at 826 c m - 1 and contains 
two perpendicular components Internal rotation of the two methyl groups 
gives rise to a low lying torsional mode[25], the relaxational behaviour of 
this torsion and its overtones is quite different from that of the regular 
vibrations[26] 
More experiments have been performed on some other molecules for 
which no hot band signals were found For example, we have attempted to 
activate the lowest vibration in methane (CH4) at 1306 c m - 1 in an expansion 
with two-photon excited SFe[19] No population transferred to methane was 
found probably due to the very strong competition from the near resonant 
relaxation channel[27] 
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SFs(2hv) + SF6 -• SF6(lhu) + SF6(lhv) (1 1) 
Neither did we find hot band signals for cyclopropane (СзНб) and pyrazine 
(C4H4N2) These unsuccessful experiments are not further mentioned in 
this thesis 
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The 1/7 + "9 — ^7 Hot Band in 
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Abstract 
An IR-IR double resonance technique has been applied to an argon seeded 
molecular jet to perform hot band spectroscopy especially on the ιη+vg <— νη 
transition in ethylene. After excitation of a single rovibrational level by a 
CO2 waveguide laser, rotational states in the u-; manifold are populated 
through collision induced rotational relaxation. Results are combined with 
d a t a obtained from saturation dip spectroscopy in a 12 m long cell at room 
temperature. In total around 100 transitions have been newly assigned to 
the vj + vg <— Vj band. A least-squares fitting has been applied to all 
levels of u-j + vg, except two isolated and perturbed levels at K
a
 = 6. A 
good statisical agreement has been obtained by taking into account a c-type 
Coriolis interaction with νη + 2і/ю + vu, an α-type Coriolis interaction with 
ν·χ + 2f6 and a c-type Coriolis interaction with 1/4 + ug. Furthermore, earlier 
d a t a on the i/щ + vg <— vw hot band have been reexamined. T h e two hot 
band spectra have been compared to analyse the propensities of different 
relaxational pathways. 
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2.1 Introduction 
The ethylene molecule has been studied by a large number of spectroscopists 
thanks to its strong IR absorptions and its rich rovibrational spectrum A 
summary of the twelve vibrational modes can be found e g in[l, 2] 
The C2H4 molecule belongs to the Ü2h point group and rotational levels 
(J, Ka,Kc) are classified by one of the symmetries A, Bi, B2 and B1 ; see 
Table 2 1 Due to spin statistics of the hydrogen atoms, the four symmetry 
species occur in a ratio A Bi B2 B3 = 7 3 3 3 and are not expected to convert 
into each other 
In the present study, the fundamental modes of interest are the out 
of plane wagging mode fy(Biu) at 949 cm - 1 , the in plane wagging mode 
^loiBau) a t 826 cm - 1 and the asymmetric C-Η stretching mode ^ ( В І Ц ) at 
3105 cm" 1 
In the 1000 c m - 1 region strong Conolis interactions occur between the 
νη, v\o and 1/4 modes, first analyzed by Smith and Mills in 1964 [3] A 
more recent study based on high resolution spectroscopic data can be found 
in Refs [4, 5] Similar Conolis interactions are expected to occur in the 
4000 c m - 1 region between the combination levels ιη + vg, д+ ю and f4+1/9 
For the щ fundamental band a spectrum at Doppler limited resolution has 
been recorded from 3240 c m - 1 to 2920 c m - 1 by Pine [6] An energy level 
scheme of these vibrational modes is sketched in Fig 2 1 
The only hot band spectrum of C2H4, reported by Dam et al [7] con­
cerns the 1^10 + щ «— «Ίο band These measurements were performed in 
a molecular jet of pure ethylene by exciting a rovibrational level in the vj 
manifold, щ levels axe then populated through collisional V-V' relaxation 
In fact this relaxation was observed so fast [7, 8] that no levels in the νη 
manifold, populated through R-R relaxation, were found, the question re­
mained whether V-V' relaxation could truly be so much faster than R R 
relaxation that the latter becomes unobservable With this as puzzling as 
intriguing problem in mind we rebuilt the jet machine used by Dam[9], im­
plementing some improvements by introducing a slit nozzle and computer 
control for the Color Center Laser facilitating easy continuous scanning The 
thus enhanced signal to noise ratio reveals the existence of R-R populated 
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Figure 2.1: Energy Jeve] scheme of the vibrational modes of interest in this 
study. Pump and probe transitions as well as different relaxation channels 
are indicated. The three directly pumped rovibrational levels in the vi 
manifold of different overall symmetry used in the jet experiment are also 
indicated. 
rotational levels of the v-¡ manifold. 
2.2 Experimental 
2.2.1 C 0 2 laser 
A cw line tunable CO2 waveguide laser in combination with a waveguide 
amplifier serves as pump laser[10]. Depending on the laser line, output 
powers up to 10 Watts can be achieved. The tuning range of the laser 
around each laser line, limited to ±100 MHz by the gain profile, is extended 
to ±300 MHz by an Acousto Optic Modulator (AOM, Intra Action AGM-
1003) used in single or double pass configuration. Fine tuning of the laser 
is achieved by a piezo element mounted on the output mirror. 
In order to frequency-stabilize the laser, part of the beam is split off and 
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guided through a i m long cell containing 60 mTorr of СгН^П]. Before the 
beam enters the cell about 10% is again split off and led through the cell in 
opposite direction probing the saturation caused by the strong pump beam 
which is mechanically chopped. Phase sensitive detection of the absorption 
of the probe beam yields a narrow Lamb dip at the center frequency of the 
molecular resonance. Modulation of the laser frequency (modulation depth 
of 1 MHz, modulation frequency of 2.1 kHz) by applying an AC voltage to 
the piezo element and phase sensitive detection of the probe beam absorption 
produces the derivative signal of the Lamb dip. This latter signal is used in 
a feedback loop to stabilize the laser within 1 MHz on the center frequency 
of the molecular resonance serving as pump transition. 
2.2.2 Color Center Laser 
A Burleigh FCL-20 Color Center Laser (FCL) operating on a Li doped RbCl 
crystal allowing continuous tuning from approximately 2.65 μτα to 3.35 μιη 
is used as probe laser. An Ar+ laser (Spectra Physics 2016-05B) pumped 
standing wave dye laser (Spectra Physics 375B) operating on DCM serves 
as pump source for the FCL. The linewidth of the laser amounts to about 
4 MHz and the output power varies between 5 and 15 mW depending on 
the wavelength. 
Continuous single mode scanning is achieved by synchronuously tracking 
the grating, the intra cavity étalon (ICE) and the cavity length of the FCL 
under computer control[12, 13, 14]. The piezo element mounted on the 
folding mirror to control the cavity length is reset after each cavity mode 
(300 MHz); the ICE is reset after every free spectral range (FSR=0.7 cm - 1) ; 
the number of steps for the stepmotor driving the grating can be calibrated 
for each FSR of the ICE or can be retrieved from an existing file. 
A small 1 kHz dither is applied to the ICE yielding a modulation depth 
of about 0.001 cm - 1 , 10% of the cavity mode spacing; part of the FCL beam 
is split off and phase sensitively detected yielding the derivative of the laser 
power as an error signal. If the scanning speeds of the ICE and the piezo 
controlling the cavity length are not well matched their transmission fringes 
will steadily shift away from each other, resulting in a decrease of laser power 
and thus in a non-zero error signal. In order to avoid cavity mode hopping a 
correction is automatically applied to the ICE when the error signal reaches 
preset limits. 
An 8 GHz and a 150 MHz étalon are used as wave monitors[12] by apply-
ing a 50 Hz voltage ramp to the mirror mounted piezo elements so that the 
entire FSR of both étalons is scanned every 0.02 sec. The voltages at which 
the transmissions occur are sampled and recorded together with the double 
resonance signal providing a relative frequency calibration. An absolute fre-
quency calibration is obtained from a 20 cm absorption cell containing about 
10 Torr of ethylene; line positions are taken from Pine[6]. The accuracy of 
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Figure 2.2: Experimenta] set up as used for the saturation dip measure-
ments. 
our line positions is estimated to be 0.001 cm - 1 . 
A 386SX personal computer, linked to the experiment via a Keithley 
DAS1602 interface, is used for both FCL control and data acquisition. Two 
12-bit DA converters are used to control the ICE and the cavity length; the 
home-built step motor driver is controlled via an 8-bit I/O port and five 
12-bit AD converters are used to collect the various signals (two étalons, 
reference absorption cell, double resonance signal and error signal). All 
software is written in TURBO PASCAL by E. Kerstel[15]. 
2.3 Saturation dip measurements 
The first measurements were performed in a 6 m long sample cell, containing 
about 80 inTorr of ethylene, traversed twice yielding an absorption length 
of 12 m. The CO2 laser, stabilized on the center frequency of the molecular 
resonance under study, excites the molecules with velocities perpendicular 
to the laser beam to a well known rovibrational level of the vj mode. The 
counter running FCL beam, overlapped with the CO2 laser beam, then 
excites these molecules to a т\-щ level. By chopping (180 Hz) the CO2 laser, 
the CO2 laser induced absorption of the FCL can be detected background 
free. The experimental set up is depicted in Fig. 2.2. 
At least in principle, from each rovibrational level in the νγ mode six 
transitions to the 1/7 + щ level are possible (Δ J = 0, ± 1 ; AK
a
 = ±1) except 
for levels with K" = 0 where only three transitions with AK
a
 = 4-1 can be 
observed. Transitions starting from the ground state level depleted and the 
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Table 2.2: Observed coUisionless double resonance transitions of the 1/7 + 
1/9 <— 1^7 hot band using the saturation dip technique In the second column, 
the pump transitions, CO2 laser ¡mes and shifts trom the ¡me center are 
indicated along with the probe transitions All values m cm-1 



















































(5 0,5) <- (4,1,3) 
10P10-98MHZ 
(4,3,1) +- (3,2,1) 
10R22+104MHz 
(6,3,4) <- (5,2,4) 
10R28-228MHZ 
<- (9,0,9) <r- (10,1,9) 
10P44+63MHz 
(5,2,3) <- (6,3,3) 
10P46+110MHZ 
(6,1,5) <- (6,2,5) 
10P26+113MHZ 




















































































1/7 level populated by the pump laser are Doppler free (linewidth of about 
10 MHz FWHM) detected 180° out of phase[ll] After colhsional relaxation 
the molecules have random velocity so that other levels can only be observed 
with Doppler-hmited resolution (300 MHz) These levels arc also observed 
with much lower intensities The easy assignment of the transitions labelled 
by the CO2 laser is considered an advantage of this technique 
In total seven near coincidences with CO2 laser transitions were taken 
from[4] yielding a total of twenty seven 1/7 + ид <— νη transitions (see Ta­
ble 2 2) Based on these data a preliminary spectrum of this band could be 
calculated using effective rotational constants for the upper state to account 
for Conohs interactions with other states around 4050 c m - 1 , these constants 
are listed in Table 2 3 
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Table 2.3: Effective rotational constants for the u? + vg band, obtained 
from a fit of the hne positions m Table 2 2, and for the vg + і/ю band from 















Table 2.4: Newly assigned transitions from jet measurements ¡η Ref [7] 
Line numbers m parenthesis correspond to hne numbers m Table 2 6 Fre-

































(7,4,4) «- (6,3,3) 
(6,4,2) <- (5,3,3) 
(5,4,2) <- (4,3,1) 
(10,3,8) <- (9,2,7) 
(3,3,0) «- (3,2,1) 
(10,1,10) <- (9,0,9) 
(11,1 10) t- (11,0,11) 
(6,0,6) <- (5,1,5) 
(7,1,6) Ч- (7,0,7) 
(3,1,2) <- (3,0,3) 
























- 0 0006 
Based on this calculated spectrum, eleven previously unassigned lines 
occurring in the hot band spectrum of Dam et al [7] could be assigned to 
the 1/7 + vg 4- 1/7 band (see Table 2 4) This success encouraged us to start 
jet absorption measurements using an improved set-up 
2.4 Molecular jet measurements 
A planar jet is formed by expanding an on-line made 10% mixture of C2H4 m 
Ar through a 20 χ 0 05 mm slit nozzle At a stagnation pressure of 300 Torr 
a 1200 m 3 /h rootspump (Edwards EH1200) backed by a 180 m 3/h rotary 
pump (Leybold SV180) reaches a background pressure of 180 mTorr Di­
rectly under the nozzle both laser beams cross the jet in opposite directions 
parallel to the long axis of the sht The laser beams cross each other under 
a small angle As in the saturation dip experiment, the CO2 laser is modu­
lated and the induced FCL absorption is phase sensitively detected against 
zero background (see Fig 2 3) 
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Figure 2.3: Experimental set up as used for the seeded molecular jet mea­
surements. 
Table 2.5: Pump transitions and (detuned) CO2 laser lines used in the jet 
experiment to access three 1/7 levels of different symmetries. 
Symmetry Transition CO2 laser 
B¡ i/7(5,0,5) <- gs(4,l,3) Ш Р Н Г Г Э Т Ш Ш ) 
B3 "7(4,3,1) <- gs(3,2,l) 10R22 (+ 104 MHz) 
A ¡/7(6,3,4) f- gs(5,2,4) 10R28 (- 228 MHz) 
The introduction of a slit instead of a circular nozzle leads to two im-
portant improvements: first, because of the longer absorption length signal 
levels are enhanced enabling us to dilute the sample in Ar and, second, for 
a one-laser-direct-absorption-measurement the linewidth was reduced by a 
factor four to about 90 MHz[16, 17]. In the double resonance experiment 
described here the linewidth amounts to about 80 MHz directly under the 
nozzle. Considering these linewidths, stabilization of the CO2 laser was not 
necessary. 
The jet temperature is determined following the method described in[18]. 
Briefly, the intensities of different ug <- gs transitions are measured and 
scaled according to 
9I9J9KHJK = eM~E{ J'K)/kT] ( 2 Л ) 
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where g¡, gj and дк are degeneracy factors for spin statistics, m quantum 
number and near К degeneracy, and HJK are the Honl-London factors The 
quantity ln( '
 H—) is then plotted against the rotational energy of the 
initial state, E( J, K), taken from[5], so that the rotational temperature can 
be determined from the slope of the plot In case of a Boltzmann distri­
bution the plot yields a straight line Under our experimental conditions 
the rotational temperature amounts to about 30 Kelvin directly under the 
nozzle 
Using the calculated spectrum based upon the results of the saturation 
dip experiment we searched for the transitions in the jet by scanning those 
regions where they were predicted Three CO2 laser lines have been used 
to excite three νη levels of different overall symmetry (see Table 2 5) The 
results are displayed in Table 2 6, it can be clearly seen that only levels with 
the symmetry of the pumped level are observed Levels of Bi symmetry can 
not be accessed since no CO2 laser coincidences are available 
In the spectra also a number of ю + v$ ·<— fio transitions occur In 
general they appear to be much stronger and partially also to possess sym­
metries different from the overall symmetry of the pumped level Within the 
uncertainty our line positions show good agreement with the observations 
of Dam et al [7] Unassigned lines in Table 2 6 probably belong to other hot 
bands, experimentally, no discrimination can be made between these bands 
Table 2.6: DR-transitions belonging to the 1/7 + ид «— 1/7 band* observed 












































(6,3,4) <- (5,2,3) 
(5,3,2) <- (4,2,3) 
(4,3,2) <- (3,2,1) 
(3,3,0) <- (2,2,1) 
(6,3,4) <- (6,2,5) 
(4,3,2) <- (4,2,3) 
(3,3,0) <- (3,2,1) 
(5,3,2) <- (5,2,3) 
(8,1,8) <- (7,0,7) 
(4,1,4) <- (3,0 3) 
(9,1,8) i- (9,0,9) 
(2,1,2) <- (1 0,1) 
(7,1,6) f- (7,0,7) 
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(5,1,4) «- (5,0,5) 
(3,1,2) <- (3,0,3) 
(1,1,0) «- (1,0,1) 
(7,1,6) <- (6,2,5) 
(2,1,2) <- (3,0,3) 
(5,1,4) «- (4,2,3) 
(6,1,6) <- (7,0,7) 
(9,1,8) <- (9,2,7) 
(11,1,10) <- (11,2,9) 
(5,1,4) <- (5,2,3) 
(3,1,2) «- (3,2,1) 
(2,1,2) «- (2,2,1) 
(4,1,4) <- (4,2,3) 
(1,1,0) <- (2,2,1) 
(2,1,2) «- (3,2,1) 
(10,1,10) <- (11,0,11) 
(3,1,2) <- (4,2,3) 
(4,1,4) «- (5,2,3) 





















































DR-transitions belonging to the 1/7 + 1/9 «- i>7 band observed m a seeded 























(6,2,4) <- (5,1,5) 
(7,2,6) <- (6,1,5) 
(5,2,4) <- (4,1,3) 
(4,2 2) «- (3,1,3) 
(3,2,2) <- (2,1,1) 
(2,2,0) <- (1,1,1) 
(9,2,8) <- (9,1,9) 
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(7,2,6) <- (7,1,7) 
(5,2,4) <- (5,1,5) 
(3,2,2) i- (3,1,3) 
(2,2,0) <- (2,1,1) 
(8,0,8) <- (7,1,7) 
(4,2,2) <- (4,1,3) 
(6,2,4) <- (6,1,5) 
(8,2,6) <- (8,1,7) 
(10,2,8) <- (10,1,9) 
(6,0,6) <- (5,1,5) 
(4,0,4) <- (3,1,3) 
(2,0,2) <- (2,1,1) 
(4,0,4) <- (4,1,3) 
(0,0,0) <- (1,1,1) 
(2,0,2) <- (3,1,3) 
(4,0,4) <- (5,1,5) 
(4,2,2) <- (4,3,1) 
(2,2,0) <- (3,3,1) 
















































DR-transitions belonging to the v7 + э i- νΊ band observed m a seeded 





































(5,4,1) <- (4,3,2) 
(6,4,3) <- (6,3,4) 
(7,2,5) <- (6,1,6) 
(10,2,9) <- (9,1,8) 
(8,2,7) <- (7,1,6) 
(5,2,3) <- (4,1,4) 
(6,2,5) <- (5,1,4) 
(4,2,3) <- (3,1,2) 
(3,2,1) <- (2,1,2) 
(8,2,7) <- (8,1,8) 
(6,2,5) <- (6,1,6) 
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(5,2,3) <- (5,1,4) 
(7,2,5) <- (7,1,6) 
(11,2,9) <- (11,1,10) 
(7,0,7) *- (6,1,6) 
(5,0,5) <- (4,1,4) 
(5,2.3) <- (6,1,6) 
(4,2,3) <- (5,1,4) 
(3,0,3) <- (2,1,2) 
(6,2,5) <- (7,1,6) 
(1,0,1) <- (1,1,0) 
(3,0,3) <- (3,1,2) 
(5,0,5) <- (5,1,4) 
(7,0,7) <- (7,1,6) 
(7,2,5) <- (6,3,4) 
(8,2,7) <- (9,1,8) 
(9,0,9) +- (9,1,8) 
(3,0,3) «- (4,1,4) 
(5,0,5) i- (6,1,6) 
(7,0,7) <- (8,1,8) 
(9,0,9) +- (10,1,10) 
(9,2,7) <- (9,3,6) 
(6,2,5) <- (6,3,4) 
(5,2,3) <- (6,3,4) 

























































* Unassigned lines probably belong to other hot bands 
" s=strong, m=medium, w=weak, v=very, sh=shoulder 
1 Directly pumped level See also table 6 2 
2 Pump transition used 1*7(6,1,5) <— js(6,2,5) 
3 Line nr 10 in Dam et al [7] 
2.5 Analysis of the uy -f-1/9 state 
The experimental conditions essentially limit the observations to a small 
range of quantum numbers (J < 12 and K
a
 < 4) compared to classical 
room temperature spectra values (J < 35 and K
a
 < 15) As most interac­
tions appear at higher J and K
a
 values, it was not possible to perform a 
global analysis of the 4050 c m - 1 region, we decided to consider the ν
Ί
 + иg 
state with the few vibrational levels which will give rise to some local per-
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turbation. Table 2.7 lists the candidates to such interactions, with their 
approximate energy and the kind of perturbation they could produce in 
1/7 + 1/9. As few anharmonic parameters Xij are known for ethylene, uncer­
tainties on vibrational energies are large (a few tens of c m - 1 ) and we have to 
start from the spectrum to identify the effective interactions. On the other 
hand, it is possible to generate, for any vibrational level, rather good esti­
mates of its rotational and centrifugal distortion constants[4] on the basis 
of the Coriolis parameters calculated by Duncan[19] and some anharmonic 
contributions determined in previous studies of lower energy levels. Most 
of those rotational parameters of perturbing states will be kept fixed in the 
analysis. 
The assignments were evident for the DR measurements of Table 2.2 
and from those we have determined the band center and improved effective 
rotational constants for the 1/7 + 1/9 state (Table 2.3). On that basis, it was 
possible to assign most of the lines in Table 2.6. The observed transitions 
start from levels of the same symmetry as the pumped level of ι>γ (and so 




 according to Table 2.1). Unassigned lines 
may belong to ug + і>ю— V\Q or to other possible transitions from 1/7, for 
example 1/7 + 2i/jo + f12 - vj or vi + νη + v\i — νη. 
The lower level 1/7 is perturbed and is known with an absolute accuracy 
close to 10 - 4 cm '[5]. Therefore the analysis was not applied directly to the 
transition frequencies (known to about 1 0 - 3 c m - 1 ) but to the rovibrational 
energies in 1/7 + vg, 
E(v
r
 + v9,J',K'a,K'c) = 
ν{ν
Ί




 <- u7, J", ΚΙ К'?) + E(uj, J", Kl К1') (2.2) 
To increase the confidence in the assignments we have tried to observe 
more than one transition reaching each upper state level and we have checked 
their consistency with the combination differences in the lower 1/7 state. The 
uncertainty associated with the experimental energies in vj+v9 is a function 
of the number of transitions reaching this level: 0.0005 or 0.0006 c m - 1 if 
at least three transitions are observed, 0.0008 c m - 1 for two transitions, and 
between 0.001 and 0.002 cm - 1 if only one transition is observed. In this last 
case, some doubt may be present in the assignment. 
Some regularity is expected as function of J for each series of levels, a 
scries corresponding to a given K
a
 value, with a -I- (—) index to take into 
account the asymmetry splitting; the K+ (K~) series is at higher (lower) 








 = J + 1). 
An irregularity in a series or a shift increasing with J is an indication of a 
perturbation. 
The first local perturbation is observed in the K
a
 = 2~ series which 
is cut between J = 8 and 9 by a series coming from lower energies (the 
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Analysis of the 1^ 7 + 1^ state 35 
Table 2.8: fíovibrationai parameters obtained from the analysis of the 
isj + vg <— 1/7 hot band of ethylene (all values in cm~l). Note: estimated 
values to which some parameters have been constrained are written directly 
below the values obtained from the fit. Uncertainties in the Jast digits are 














































ξ" = - 0 0206(5) 






















ξ' = 0 560(26) 
perturbation of the (7,2,6) level was already seen in Ref.[7]). A perturbation 
by а К
а
 = 2 + series through an α-type Coriolis interaction should give rise 
to an additional perturbation in the K
a
 = 1 _ series near J = 3, which is not 
observed. The only other possibility is a crossing with the K
a
 = 1 + series of 
a level interacting with vj + ид through a c-type Coriolis interaction, lying 
about 9 c m - 1 above it. The 1/7 + 2і/ю + v\2 level fulfills those requirements. 
A second local perturbation appears in the K
a
 = 1 + series which is 
cut between J = 4 and 5 by a series coming from higher energies. For a 
crossing with a K
a
 = 2' series in a c-type Coriolis interaction, we have 
no more candidates in Table 2.7. A crossing with a K
a
 = 2 + series in a 
6-type Coriolis interaction should also give a perturbation in the K
a
 = 0 + 
series, which is not observed. A third hypothesis is possible: the K
a
 = 0 + 
series of a level in b-type Coriolis interaction, which should be the 1/3 + 
1/7 + fg + uio level. Finally, a fourth hypothesis is also to be considered: 
the К
а
 = 1 _ series of a level in α-type Coriolis interaction; in this case 
we expect an associated perturbation in the K
a
 = 2 + series near J = 9, 
what is effectively observed. Furthermore, this last perturbation in the 
K
a
 = 2 + series could not be explained by any other process than by this a-
type Coriolis interaction. Therefore we conclude that the fourth hypothesis 
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is the right one, a fourth order α-type Conolis interaction with the //2 + 2vç 
level giving rise to perturbations in the Ka = 1 + and 2+ series 
Table 2.9: Energy levels used m the analysis ofthe 1/7 + 1/9 state of ethylene 
Experimental values (m cmT1) are denned as EVR(V7 + V9,JiKa, Kc) — 
Ev(vj), so that EvR{u7 + i^yJ,Ka,Kc) can be obtained by adding Ey\νη) = 
948 7709 cm~l to the listed values Uncertainties, deviations and shifts are 
¡n Í 0 - 4 cm'1 
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A last perturbation appears in the higher J levels of the K
a
 = 3 and 
4 series which axe pushed down, the effect increasing rapidly with J, this 
corresponds to a 6- or a c-type Coriohs interaction with a level at least 
35 c m - 1 above the u-j +1/9 level The щ + 2v\? level could be the interacting 
level (6-type Coriohs) but the agreement is better with a c-type Coriohs 
interaction with the щ + vg level We expect indeed a strong interaction 
between u¡ + vg and щ + vg through the vg + V\Q, similar to the interaction 
between 1/7 and v\ through the v\a level[3, 4, 5] As the global analysis of this 
region is beyond the scope of this paper, we have considered the interaction 
between 1/7 + 1/9 and t/4 +1/9 as a direct r-type Coriohs one, with an effective 
coupling parameter The energy of the 1/4 + vg state is not well determined 
from our data, if it is closer to νη + щ the interaction term will be smaller 
and vice versa We have constrained the vibrational energy of 1/4 + vg to a 
value near the expected position (4026 c m - 1 ± a few tens of c m - 1 ) 
In the analysis we have thus considered interactions of v-j + vg with 
1/7 + 2fio + νγι (third order c-type Coriohs), v-¿ + 2v§ (fourth order a-type 
Coriohs) and щ + vg (effective first order c-type Coriohs) The parameters 
of these states are listed in Table 2 8 For the three perturbing states, only 
the band center and the coupling term (and the A constant for 1*2 + 2ь>б) 
arc free parameters, other parameters are fixed to their estimated value 
Some parameters are free but constrained to remain close to their estimated 
value according to a procedure explained m Ref [7] The free parameters of 
the v\ + vg state are effective values to ht the data and they are not to be 
considered as definite values 
The agreement between observed and calculated energies is quite satis­
factory with an estimated standard deviation σ = 1 4 (see Ref [20]) The 
largest reduced deviation does not exceed 3 0 as one can see in Table 2 9 
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The levels (13,6,8) and (12,6,6) deduced from the lines 24 and 25 of Table 2.2 
were not used in the least-squares fit because they are strongly perturbed 
(deviation in the range of 0.1 c m - 1 ) ; we do not have enough information 
to decide which perturbation is acting. The agreement with experimental 
data can also be checked in the (obs — cale) columns of Tables 2.2 and 2.6 
where the calculated spectrum, according to our analysis, is compared with 
the original transition frequencies. 
2.6 Propensities 
To put some order into the observations one starts with the assumption 
that only levels with the overall symmetry of the pumped level have been 
observed. This is due to the fact that the symmetry of the molecules, which 
is correlated to the spins of the hydrogen atoms (see Table 2.1), does not 
change during a collision. Nevertheless, we will present here another way to 
approach the problem in order to find out which terms in the potential are 
responsible for the relaxational pathways. 
According to Ref.[21, 22] the purely angle dependent interaction poten­
tial between two arbitrarily shaped colliding molecules can be written as 
V(1,2,R) = £ п.пі.п2,м,К 2 ( я ) £ # £ Μ ( α , , / 5 ι , 7 ι ) 
^ « ( и " " ) ( - Г +1/2 
(2.3) 
where R = (R,a,ß) is the vector pointing from molecule 1 to 2; α,, ßt, 7, 
are the Euler angles describing the orientation of molecule i in a space fixed 
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frame and D";
 Kt are the rotation matrices describing the angular dependence 
with respect to molecule ¿[23]. The angular dependence of R is expressed in 
terms of spherical harmonics C"[a,ß) and V is a function depending solely 
on the distance R between the two molecules, n, is correlated to J[ and 
J" via the triangular condition while i/, and к, determine the ΔΜ,- and 
Aiij-changcs under collisions, respectively. 
We simplify the problem by only considering what happens to molecule 1 
during a collision focusing on the term D^K (a\,p\,y{). Leaving out the 
subscripts we can then write the matrix elements describing the relaxational 
pathways in bracket notation as 
< Ф , | Щ а , 0
і 7 ) | Ф . > (2.4) 
In the symmetric rotor approximation (K
a
 и К) we denote the wavefunc-
tions before and after the collision by the rotorfunctions (uniiormalized) 
ϋ·^
κ
{α,β,η) so that the matrix elements become[23] 
< ö£.K .(a,j9,7)|öï lB(a,/3,7)|ÖM»jr»(a.A7) > = 
/_ \M"- í f "o_2 f Я J" J ' \ ( n J" J' I 
(
 > Β π ^ ν -M" M' J \ к -К" К' J 
(2.5) 







According to Ref. [23] the rotorfunctions can be written in the form 
Щ а , / 3 , 7 ) = е - " Х
к
( / Э ) е - , К 7 (2.6) 
The C=C axis is commonly designated as the z-axis, the y-axis being the 
axis perpendicular to the plane of the molecule. The condition that к can 
only take even values follows directly from the requirement that a rota­
tion around the z-axis over 180° (7 = π) leaves the potential energy of the 
Table 2.11: Transformation of the Exiler angles under the symmetry oper­
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•π + а 
π + а 














π + 7 
π - 7 
-7 
-7 
π - 7 
τ + 7 
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molecule unchanged. We shall first consider pure rotational relaxation, i.e. 
relaxation within the uy mode. Then, the totally symmetric Hamiltonian 
contains a rotational term of the form of equation 2.3 which must thus be 
of A symmetry. In order to derive selection rules for η we take a 180° 
rotation about the x-axis as an example and explicitly investigate the con­
sequences for n. A similar discussion leading to the same result can be held 
for any other symmetry operation of the T>2h point group. Following from 
the character table (Table 2.10) for the Т>ы point group, for A symmetry 
the Hamiltonian must remain unchanged under a C21 operation. Since the 
rotorfunctions depend on the Euler angles we write the effect of the C21 
operation for each of the Euler angles individually using Table 2.11 [24] and 
equation 2.6 
а -* а + π giving an extra term e~""r = (—)" 
β -+ π-β leading to ^
κ
( π - ^ ) = (-)"-χ_
κ
(/3)[23] 
7 —• —7 implying that the potential coefficient for к equals the 
coefficient for —к 
Inserting these transformations into equation 2.6 yields the transformation 






















The condition that the Hamiltonian does not change under C21 implies that 
η can only take even values. For rovibrational relaxation from i/j to і/ю 
the Hamiltonian consists of rotational and vibrational parts, i.e. ξ^ and 
ξιο are added to equation 2.3 as extra factors (here £7 and ξιο stand for 
vibrational annihilation and creation operators respectively). The symmetry 
is again determined by the requirement that the Hamiltonian must be totally 
symmetric, i.e. due to the symmetries of the vibrational parts 
Г(Я) = Τ(ζ7) ® Γ(ί,ο) ® Г(Д) = Si ® B2 ® Г(Я) Ξ А (2.8) 
and 
Г(Д) = Вз (2.9) 
For В3 symmetry the C21 operator changes the sign of the Hamiltonian (see 
Table 2.10) leading to the conclusion that η can only take odd values for uy 
to 1/10 relaxation. 
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Table 2.12: Summary of derived propensities for purely rotational and 



















if K" = 0 and AK = 
other cases 
0 
Returning to equation 2 5 and considering the special case where K" = 
K' = 0 the rightmost 3 J-symbol simplifies to 
i n J" J' \_( η J" J' \ 
\ к -К" К' ) [ θ 0 θ ] (2 10) 
which gives a non-vanishing result only if η + J " + J' is even For the 
(J", K'¿, К") = V7(5,0,5) level used in the experiment a non-zero colhsional 
transition probability is found if 
η + 5 + J' = even (2 11) 
For pure rotational transitions we found that η is even so that J' can only 
take odd values For u7 to uw relaxation J ' must be even to satisfy equa­
tion 2 11 For transitions where Κ" φ 0 or AK φ 0, more relaxational 
pathways are possible because equation 2 10 is no longer valid, the condi­
tion AK = even still holds so that levels with any J ' and with K' either 
even or odd depending on K" can be accessed The conclusions drawn here 
are summarized in Table 2 12 
Observations confirm the rules elaborated here Due to the neglect of 
'swapping' collisions (1 e V-V exchange where two C2H4 molecules with 
different symmetries are simultaneously excited and deexcited), it is appro­
priate to consider the rules derived here as propensities rather than selection 
rules For multiple collision conditions the probability of а С2Н4-С2Щ col­
lision is larger yielding a non-negligible 'swapping' collision probabihty The 
symmetric top approximation applied here is reflected by the fact that the 
K
c
 quantum number does not occur in equations 2 5 to 2 11 However, 
symmetry considerations determine which of the two possible K
c
 values is 
assumed for a given J, K
a
 combination 
2.7 Comparison between R-R' and V-V' rates 
Population pumped into the 1^7 mode is colhsionally transferred to the fio 
mode very fast In fact, Dam et al did not discover population in 1/7 levels 
other than the two directly excited levels[7] However, they observed many 
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transitions from l'io levels because this mode at 826 cm" 1 corresponds to the 
lowest energy vibration and relaxation from this mode to the ground state 
is forbidden This can be seen in the following way since the ио mode has 
Вги character and the ground state is of Ag symmetry, the vibrational part 
of the Hamiltoman (hy) describing the relaxation must be of Вг« symmetry 
so that 
Г(і/ю)®Г(Л ) = Г М (2 12) 
is satisfied This requires that the rotational part (Лд) should have Вг
и 
character m order to render a totally symmetric (A9) overall Hamiltoman 
Г(Я) Ξ T(h
v
) ® Г(Лд) Ξ Ад (2 13) 
Prom the character table for the Ü2/i point group it can be seen that no 
rotation operators with ungerade symmetry exist Thus the і/щ mode serves 
as a buffer reservoir for population 
The arguments used above can be generalized to show that no relax­
ation can occur between vibrational levels with different inversion symmetry 
(u/g), due to the fact that all rotation operators have gerade symmetry This 
explains why the gerade щ mode, which is located almost resonantly with 
the 1^7 mode, at 940 c m - 1 , cannot be accessed through collisional relaxation 
from the 1/7 mode (see Fig 2 1) 
Due to the lack of spatial definition between the two laser beams crossing 
the jet, no absolute decay rates have been obtained from our experiment 
However, we observed that populations in V\Q levels are generally much 
higher than populations in 1/7 levels Due to seeding in Ar, swapping colli­
sions are ten times less probable than in a pure ethylene jet since they can 
only occur during C2H4-C2H4 colhsions[8] The fact that no such swapping 
collisions were observed from 1/7 levels, while many were observed from щ 
levels, supports the assumption of a fast population transfer from vy to So­
levéis, m agreement with the observations of Dam et al [8, 25] The nature 
of the fast V-V' relaxation is still unclear 
Recently recorded Fourier Transform spectra of ethylene m the 3000 
cm - 1 region will allow a more global and complete analysis in a near future, 
including other hot bands and higher quantum numbers 
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Chapter 3 
Hot Band Spectroscopy of 
Acetylene after Intermolecular 
Vibrational Energy Transfer from 
Ethylene 
JOS OOMENS AND JORG HEUSS 
Department of Molecular and Laser Physics 
Catholic University of Nijmegen 
Toernooweld, 6525 ED Nijmegen, The Netherlands 
Abstract 
A rotationally cooled hot band spectrum of acetylene in the 3300 c m - 1 
region has been recorded using an IR-IR double resonance technique on 
an argon seeded supersonic jet containing two different molecular species, 
ethylene and acetylene After excitation of ethylene by a cw CO2 laser, 
colhsional energy transfer from ethylene to acetylene populates the two low 
lying bending modes (1/4, 1/5, 2v\ and 2v5) in acetylene Several hot bands 
starting from these vibrationally excited levels have been observed by apply­
ing an FCL laser as probe A high resolution spectrum has been recorded 
from 3306 c m - 1 to 3268 c m - 1 and from 3258 c m - 1 to 3256 c m - 1 , including 
six previously unresolved Q-branches assigned to six different Π — Π and 
Δ — Δ hot band transitions In total more than 50 new lines have been 
assigned Effective i-type doubling constants have been determined for the 
upper states of the hot bands Separate Linear least squares fits have been 
applied to the transition frequencies for each sub Q-branch, yielding rota­
tional constants in good agreement with literature values, where available, 
derived from the P- and R-branches 
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3.1 Introduction 
Infrared double resonance techniques as employed in the Nymegen group 
(see e g Refs [1, 2, 3, 4]) to perform hot band spectroscopy, rely on the ex­
istence of near coincidences between CO2 laser frequencies and resonances 
in the molecule under study This essentially limits the technique to a very 
small number of molecules, e g C2H4, SFe and NH3 A way to circumvent 
this limitation, based on vibrational energy transfer between two different 
molecular species is described in this work The colhsional environment in a 
seeded bimolecular jet is used to transfer vibrational energy from a molecule 
which can be resonantly excited by a CO2 laser, to a second molecule on 
which hot band spectroscopy is performed Using similar experimental tech­
niques, Vecken et al used the vibrational energy tranbfer from C2H4 to CO2 
in order to investigate mtermolecular relaxation[5] 
In this investigation a coincidence between a CO2 laser frequency and 
a molecular resonance in ethylene is used ш the excitation step The exis­
tence of a colhsionally long lived state (^ ю at 826 c m - 1 ) in this molecule[6] 
is of major importance for efficient vibrational energy transfer to the sec­
ond molecular species present in the jet The extremely fast intramolecular 
vibrational relaxation from the initially excited v-j to the meta-stable i^o 
state, reported by Dam et al [6], is considered advantageous since it prevents 
the population from spreading out over too many rovibrational levels The 
fast relaxation from the v-i level to the ground state m ГШз[1, 7] probably 
renders this molecule unsuitable as exciter in contrast to SF6 for instance, 
where the highest fundamental vibrational mode 1^3 at 947 c m - 1 is long 
lived, too[8, 9, 10] 
Acetylene has been added to the С2Н4/АГ jet and its two low lying 
bending modes are activated in collisions with excited ethylene molecules 
through exchange of a vibrational quantum The situation is depicted in 
Fig 3 1 The intramolecular energy transfer 1/7 —• v\o in ethylene takes place 
on a much shorter time scale than the exchange of a vibrational quantum 
with acetylene The fact that νγ -* V\Q relaxation can occur in a collision 
between an excited ethylene molecule and any collision partner, while the V-
V exchange with acetylene can only take place during a collision between an 
excited ethylene molecule and a ground state acetylene molecule, enhances 
this effect 
Acetylene is a linear molecule with an inversion center and thus belongs 
to the Dooh symmetry group The symmetric and anti-symmetric C-Η bend­
ing modes (1^ 5 at 729 c m - 1 and щ at 612 c m - 1 , respectively) both possess 
Π character, the remaining three fundamental modes are stretching modes 
and therefore possess Σ character 
The infrared-active asymmetric C-Η stretching mode f3 (Σ+) at 3295 
c m
- 1
 14 in strong Fermi resonance with the Σ+ component of the и^ + щ + и^ 
combination band at 3282 c m - 1 , allowing observation of the latter band with 
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Figure 3.1: Overview of the pump-probe scheme applied in this investiga­
tion. The thin arrows indicate the relaxation processes occurring in the jet. 
Furthermore, in an acetylene*-acetylene collision, energy can be transferred 
from ь to 1/4 by swapping collisions. Probed hot band and ground state 
transitions are indicated by vertical lines. The vibrational energy levels in 
acetylene and in ethylene are labeled ( \ 2Щ І Ъ) and (νγυχο), respectively. 
nearly equal intensity as the 1/3 band. Both these Σ+-excitations were used 
to probe the collisionally populated Π-levels, щ and v$, by П—Π-transitions. 
The twofold degeneracy in a bending vibration - and all other / φ 0 modes -
is lifted by /-type doubling giving rise to two rotational energy ladders with 
slightly different effective В constants. Selection rules allow I to change by 
0, ±1 yielding parallel (Δι = 0) and perpendicular (Δί = ±1) transitions. 
Σ — Σ transitions show only P- and R-branches whereas other parallel bands 
show in addition a weak Q-branch. Perpendicular bands showing P-, Q- and 
R-branches were not observed in this work. 
The acetylene molecule has been studied by a vast number of spectro-
scopists. The most recent and probably most accurate spectroscopic inves­
tigation of the i/3 band and its Fermi resonance partner 1/2 + ц +1/$ has been 
performed by Vander Auwera et α/.[11]. A detailed theoretical analysis of 
the effects of I-type resonances in C2H2 is given by Herman et al. [12]. 
The low mode energies of the bending vibrations render reasonable pop-
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ulation in these levels at room temperature, facilitating FTIR spectroscopy 
of the hot bands with these levels as lower state. A thorough study of the 
two bending modes and their hot bands below 1500 c m - 1 has recently been 
published by Kabbadj and co-workers[13]. The most extensive list of exper­
imental wavenumbers for the hot bands around 3 /im has been reported by 
Rinsland, Baldacci and Rao[14]. However, due to their weakness and their 
narrow line spacing, the Q-branches of these hot bands have escaped from 
observation. Lafferty and Pine[15] determined i-type doubling constants for 
the combination levels of 1/4 and 1/5 with 1/3 and vi + 1/4 + 1/5 from difference 
frequency laser spectra around 4000 c m - 1 and from FTIR spectra of the hot 
bands near 3300 c m - 1 . The Q-branches of these bands suffered from severe 
blending due to the high rotational temperature (300 K) and the Doppler-
limited resolution in these spectra. To our knowledge, no rotationally cooled 
hot band spectra of C2H2 exist. We have focused our spectroscopic efforts 
on the previously unreported Q-branches of the hot bands. 
3.2 Experimental set-up 
The experimental set-up has been described in detail elsewhere[4]. The gas 
mixture of the molecular jet expansion has been modified for the present 
experiment. An on-line produced mixture of 10 % C2H4 and 10 % C2H2 
in Ar is expanded through a 20x0.05 mm stainless steel slit nozzle at a 
stagnation pressure of 300 Torr. A combination of a 1200 m 3/h roots blower 
and a 180 m 3/h rotary pump maintains a background pressure of less than 
1 Torr with the jet in operation. The rotational temperature amounts to 
approximately 30 К directly below the nozzle. 
The planar jet is intersected by two infra-red laser beams parallel to the 
long axis of the slit. A CO2 waveguide laser in combination with a i m 
long waveguide amplifier producing approximately 10 Watts of continuous 
output power serves as pump source. Using an Acousto Optical Modulator, 
the laser is tuned to the center of the 10P10 line minus 98 MHz in order to 
resonantly excite the 1^(5,0,5) level in ethylene[16, 17]. 
A computer controlled single mode Color Center Laser (FCL, Ρ « 
5 mW) is used as probe laser scanning over the different hot bands around 
3300 c m - 1 . By mechanically chopping the CO2 laser beam and phase sen­
sitive detection of the induced changes in FCL absorption by the jet, a 
background-free hot band spectrum of acetylene is obtained. Transitions 
starting from depleted ground state levels are observed 180° out of phase as 
compared to the hot band transitions. In order to calibrate the frequency 
an acetylene absorption spectrum in a cell at room temperature and fringes 
of two étalons (FSR of 150 MHz and 7.5 GHz) are recorded simultaneously 
with the double resonance signal from the jet. Absolute frequencies have 
been taken from Vander Auwera et α/.[11] and Rinsland et αί.[14]. The ab-
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Table 3.1: Observed Q-branch line positions for bot bands in acetylene. 
AU values in cm~l. The standard deviation of the fit is indicated for each 
subband. The residuals (obs - cale) in 10 - 4 cm~l are given in parentheses. 
Lines marked with an asterisk were not included m the fit. 
Vi + Щ - Vi 
ƒ 
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3285 4484( 2) 
3285 4096( 3) 
3285 3507( -5) 
3285 2736( 0) 
3285 1760( -5) 
3285 0606( 5) 







V3 + Vi 
f i-e 
5 2 Ю - 4 
3286 3864( 5) 
3286 3901( -4) 
3286 3970( -3) 
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- ъ 
ei-f 
4 4 IO"4 
3286 3638( 2) 
3286 3223( -4) 
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8 7 Ю- 4 
3275 7117( 6) 
3275 6880( -4) 
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3275 6207( 6) 
-2 і 
e*-f 
6 7 IO"4 
3275 7117(-6) 
3275 6850( 6) 
3275 6476( 3) 
3275 6005( -3) 
г + (2vj + i^ s)' - f4 
ƒ 
13 10" 2 5 10~ 
3269 5458( -3) 
3269 5528(-15) 
3269 5663( -3) 
3269 5683( *) 
3269 6054( 17) 
3269 6294( 10) 








VÏ + ( І + 2
 ь








3 8 10"4 
3272 1154( -3) 
3272 1249( 4) 
3272 1376( 0) 
3272 1550( -1) 
ei-f 
9 7 10 - 5 
3272 0914( -1) 
3272 0526( 1) 
3271 9941( 0) 








1 2 10 3 
3257 2966( 8) 
3257 2767( -3) 
3257 2506(-13) 
3257 2213( 8) 
e<-f 
1 3 10 - 3 
3257 2966(-10) 
3257 2728( 8) 
3257 2390( 10) 
3257 1946( -8) 
solute accuracy is approximately 0 001 cm 1 and the observed linewidth 
(FWHM) amounts to about 100 MHz (0.0033 cm - 1 ) m the double reso­
nance spectrum, which is about one third of the Doppler width at room 
temperature. 
3.3 Observations 
The good signal to noise ratio in the acetylene hot band spectrum indicates 
that a reasonable fraction of acetylene molecules is excited to the two low 
lying bending modes, giving rise to four observable hot bands with Π — Π 
character in the scanned region from 3306 c m - 1 to 3268 c m - 1 : из+и^<— 
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Table 3.2: Effective l-type doubling constants qv for the upper states of 
the observed Q-branch transitions. Lower state constants have been fíxed 
to literature values[13], g4 = 0.00524858 cm - 1 and qb = 0.00466044 спГ1. 
All values in cm~l. Uncertainties in the last digits (1σ) are indicated in 
parentheses. 
band 
"3 + "4 - V\ 
«/3 + "5 ~ Vb 
Vi + (2i/4 + 1/5)1 · 
1/2+ (1/4 + 21/5)' • 
1/3 + 2v\ - 2v\ 
V2 + (З1/4 + Vbf -
type 
Π - Π 
Π - Π 
- щ Π - Π 
-
 ь
 Π - Π 
Δ - Δ 













Second order /-type doubling constant qo
v
, average of upper and lower state 
constants. 
Vi,
 3+ ь<г- ι/5 , V2 + (2vi + f5)1«- V4 and v2 + (1/4 + 2i>5)]<- vb. Hot 
band transitions starting from the lower lying 1/4-levcl generally appear more 
intense in the spectrum than those starting from the higher lying 1/5-level . 
Furthermore, some population was observed in doubly excited bending 
modes. These levels are probably excited due to energy pooling in a collision 
between two singly excited acetylene molecules. Though weak, some P- and 
R-branch lines of v3+2v\ <- 2v\, 3+2 \ «- 2ι^, v2 + (З1/4 + v5)2 <-2i/J, 
v2 + (З1/4 + vs)° <- 2v\, 1/3 + (1/4 + 1/5)0 «- {vi + f5)0 and 1/3 + 2i/g <- 1v\ 
have been identified using the spectra of Rinsland et al. [14]. Of these bands, 
only the 1/3+21/4 <- 2v\ and v2 + (З1/4 +1/5)2 «- 2v\ transitions were intense 
enough to observe the weak Q-branches. The Q-branches are presented in 
Figs. 3.2a-3.2f; observed line positions are listed in Table 3.1. 
Due to the higher resolution, the ¿-doubled structure of some P- and 
R-branch transitions with low J, which was unresolved in the spectra of 
Rinsland et α/.[14], has been resolved here. The simultaneous depletion 
of ground state rotational levels allows to observe the transitions from the 
ground state to 1/3 and to v2 + (1/4 + v$)° at sub-Doppler resolution. In 
addition, transitions belonging to the known 1/3 <— 55 band of 13ССНг[14], 
which is present in the sample in natural abundance, have been observed. 
The intensity alternation of 3:1 due to nuclear spin statistics of the 
hydrogen atoms is clearly observed. For a gerade state, e sub-levels are 
strongly (weakly) populated for odd J (even J) and vice versa for an unger­
ade state[12]. The intensity alternation proved helpful in the assignment of 
the sub Q-branches. 
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Figure 3.2: Excerpts of the hot band spectrum of acetylene showing the 
Q-branches of the Π - Π transitions. Figure e and f show the Q-branches of 
the Δ — Δ transitions. The J sequences are indicated for e <— ƒ and ƒ •*— e 
sub Q-branches separately. 
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3.4 Analysis of the Q-branches 
The observed Q-branches of the different hot bands are shown in Figs 3 2a-
3 2f The transitions starting from a singly excited bending vibration possess 
Π — Π character whereas transitions starting from doubly excited bending 
modes possess Δ — Δ character A first tentative assignment was based on 
P- and R- branch transition frequencies taken from[14] and the intensity 
alternation due to spin statistics The assignment was then checked with 
/-type doubling and Q-branch fitting procedures described below 
Parallel transitions (Δ/ = 0) in a linear molecule are known to possess 
a weak Q-branch (except Σ - Σ)[13, 18] Most of the observed Q-branches 
belong to Π — Π transitions For these transitions each rotational level of 
both upper and lower vibrational state is split into two components due to 




J{J+l)+qDvJ2(J+l)2 (3 1) 
with qjjy <ε qv Since only low J values have been observed in the present 
spectra we neglect the second term in Eq 3 1, except for the 2v\ level 
This state does not possess a first order çy-couphng due to its Δ character 
(Δ/ = 4 between upper and lower component), therefore, the splitting is 
much smaller than in а Π state as can be seen from the Q-branches of the 
v3+2u\ <r- ϊν\ and v2 + (Ъщ + ъ)2 <- 2v\ transitions (Figs 3 2e and 3 2f) 
In the absence of Σ — Π interactions, the lower (upper) component of a 
level split by /-type doubling is always labeled e (/)[20, 21] and the splitting 
is symmetrical around the originally unperturbed rotational level The selec­
tion rules allow transitions between e <-> ƒ substates in the Q-branch whereas 
only e <-> e and ƒ <-> ƒ transitions are allowed in the P- and R-branches 
These selection rules make the splitting between the two sub Q-branches 
much more prominent than that between the sub P- and R-branches, since 
the splitting between the sub Q-branches is proportional to the sum of upper 
and lower state splitting while the sub P- and R-branch splitting is propor­
tional to the difference of upper and lower state splitting (see Fig 3 3) By 
subtracting the transition frequencies of Q(J)/<_ e and Q(J)ei-f and divid­
ing by J(J + 1) for each J, one obtains a constant value equal to the sum 
of upper and lower state qv For the low J values considered here, these 
constants did not show any trend, justifying the approximation applied to 
Eq 3 1 by neglecting the term quadratic m J(J+1) The lower state /-type 
doubling constants, 54 and 55, were taken from Kabbadj et al [13], effective 
values for the upper states were then derived as listed m Table 3 2 Ex­
cept for the ¡/3+ щ state, the constants agree within 3σ with the values of 
Lafferty and Pine[15] 
Transition frequencies for the Q-branches have been least squares fitted 









Ρ- and R-branch Q-branch 
Figure 3.3: Different selection rules for P,R-branch (e ·<-> e and f +-* f) 
and Q-branch (e ·«->• f) allow to observe the effects ofl-type doubling more 
clearly m the latter 
to[18] 
ν = u0 + ABeñJ(J + 1) (3 2) 
where ABeg = B'^ — B"¡¡ Since only low J transitions were observed it 
was not necessary to include higher order terms e <— ƒ and ƒ <— e sub 
branches have been fitted separately resulting in different ABeff values for 
each sub branch The band center i/o should be equal for both sub branches 
The results of the fits are listed in Table 3 1 together with all observed 
line positions A good statistical agreement has been obtained for all sub 
Q-branches The UQ and ABefi values obtained from the fits are listed in 
Table 3 3 The ABeg values determined here agree within 3σ with the values 
from Smith and Winn[22] derived from the P- and R-branches of the hot 
bands 




, for all observed Q-branches of Π —Π character, ABe^¡ and ΔΒ/«_
β 
have opposite sign and the two sub Q-branches run in opposite directions 
A similar Q-branch shape has been previously observed in the far-infrared 
spectrum of the ^(Пц) <- ^4(П
д
) band of C2H2 by Kabbadj et al [13] 
A comparison of our spectra with the results of Lafferty and Pine[15] 
shows good agreement except for the e «— ƒ sub Q-branch of the V3+ 1/4·«— 
1/4 band The difference in line position clearly increases with increasing 
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Table 3.3: Rotational constants for acetylene derived from fits of the Q-
branches of the hot bands. All values in cm~1. Uncertainties in the last 
digits (1σ) are indicated in parentheses. The statistical error in the band 
center is much smaller than the experimental error (10~3 cm~l) due to 
absolute calibration of the spectra. 
band 
"3 + "4 - Щ 
1^3 + ь - ь 
l/2 + (2i/4 + Vbf -
2 + {щ + 2 ъ)1 -
i/3 + 2 ^ - 2v\ 


























J leading to the larger difference in qv for the 1/3+ 1/4 state (Table 3.2). 
Furthermore, the band center of the u2 + (щ + 2 ь)li- v$ band shows a 
rather large discrepancy (0.0054 c m - 1 ) with their value, which was taken 
from Ref.[23]. 
For the Δ-states the i-type doubling is much smaller (qrj
v
 -C |ΔΒ|) and 
both sub Q-branches of the Δ — Δ transitions run to the red. No previous 
results are known to compare the observed Δ — Δ Q-branches to. 
3.5 Conclusions 
It should be noticed that there exists an essential difference between the pro­
cesses governing the collisional relaxation within ethylene and from ethylene 
to acetylene. In ethylene intramolecular rovibrational relaxation, particu­
larly the fast vj —» і/ю transfer, is the main relaxation process. The decay to 
the ground state takes place on an at least three orders of magnitude longer 
time scale[6], due to the large energy gap; different inversion symmetry of 
the l'io vibration and the ground state excludes intramolecular rovibrational 
relaxation. This results in the formation of the long lived vibrationally ex­
cited fio state, as described in [4, 6]. 
However, intermolecular population transfer to acetylene exclusively oc­
curs through V-V exchange (swapping from ethylene to acetylene), causing 
this process to be of a slower nature than the collisional intramolecular 
energy redistribution within ethylene described above. Observations show 
that energy is deposited into both the gerade v\ and the ungerade v$ bending 
modes, from which we conclude that the swapping process is rather insensi­
tive to inversion symmetry of the receiving level of the acetylene molecule. 
Due to the slow primary ethylene-to-acetylene energy transfer, long time 
scale processes, i.e. again swapping, dominate the observed relaxation within 
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acetylene Relaxation from u$ to 1/4 takes place through swapping and is oth­
erwise forbidden due to the different inversion symmetry of the two bending 
modes In the experiments, the approximately twice higher population of 
the 1/4-level as compared to the t's-level is attributed to these swapping pro­
cesses that start to establish a Boltzmann distribution between the 1/4 and 
1^5 levels (The differences in intensity for the hot bands starting from щ 
and vs m с g FTIR spectra can be accounted for by the Boltzmann factor 
at room tempcrature[12, 14] ) These observations are not in contradiction 
with predictions of Fischer and Irgens-Defregger[24], who find a relatively 
fast vs —> U4 relaxation rate as compared to the relaxation from 1/4 (and 
u¡) to the ground state The rather efficient energy transfer by swapping 
from 1/5 to v\ can be well understood regarding the mode-matching model 
described by Fischer and co-workers[24, 25], two quanta of large amplitude 
bending modes are exchanged Part of the energy released is converted into 
rotation, lowering the energy gap of approximately 120 cm - 1 between 1/4 and 
V', For C2H4 a similar energy transfer between v^,v% and щ is expected, 
this forms the subject of a current investigation in our laboratory 
To conclude, we have shown that it is possible to exploit the vibra­
tional energy stored in ethylene to excite molecular vibrations in another 
small molecule Included are vibrations inaccessible by conventional infrared 
pumping due to selection rules and/or lack of coincidences between molec­
ular transitions and laser frequencies available By applying IR-IR double 
résonance techniques, high resolution rotationally cooled hot band spectra 
have been obtained 
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Chapter 4 
The V\ + ¿Ίο — ¿Ίο Hot Band in 
Propyne Studied in a Bimolecular 
Seeded Jet 
JOS О OMENS AND J ORG R.EUSS 
Department of Molecular and Laser Physics 
Catholic University of Nijmegen 
Toernooiveld, 6525 ED Nijmegen, The Netherlands 
Abstract 
IR-IR double resonance jet spectroscopy has been used to record the v\ + 
1^0 — V\Q hot band m propyne at low rotational temperature Population has 
been pumped into the і/щ manifold in propyne through colhsional energy 
transfer from СОг-laser excited SFß molecules The R- and Q-branches 
of the К = 0 sub-band and the P- and R-branches of the К = 1 sub-
band have been assigned. Least squares fitting procedures yield an upper 
state В constant of 0 285160(4) c m - 1 From the splitting of the К = 1 
sub-band, the Conohs interaction constant AC, has been determined to be 
4 73120(17) c m - 1 The difference in /-type doubling constant qy between 
upper and lower state has been estimated from the tiny A\ — A2 splitting of 
the kl = +1 sub-band for high J-values 
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4.1 Introduction 
Hot bands in propyne (methylacetylene, C3H4) have been rather widely stu­
died thanks to the low lying С — С = С bending mode (^ю at 331 c m - 1 ) 
which is reasonably populated at room temperature During their study of 
the i>i fundamental in 1971, Russell and coworkers[l] already found a large 
number of lines belonging to the i>i + u
w
 — vw hot band which is the subject 
of this work Their instrumental resolution, however, did not allow to resolve 
the if-structure Also more recently recorded high resolution FTIR spectra, 
at room temperature and at 182 K, did not show resolved jf-structures[2] 
Very extensive studies have been performed by Graner and several co­
workers on fundamental and hot bands m the 10, 16 and 30 μτη regions[3, 
4, 5] These studies allowed to determine the AQ rotational constant to high 
precision[6] 
Recently the acetylenir С — Η stretching mode (v\ at 3335 cm - 1 ) has 
been investigated by Kerstel et al, in the course of their high resolution 
molecular beam studies of intramolecular vibrational energy redistribution 
(rVR) for a number of terminal acetylenic molecules[7] In the propyne 
fundamental the positions of the sub-band origins were found to show an 
anomalous behaviour as a consequence of coupling to nearby dark states 
We, too, have studied the С — II stretching region at high resolution 
focussing on the hot band from the t^o state, which is populated by col­
lisions with vibrationally excited SFß The symmetric S — F stretching 
mode 1/3 is the highest fundamental vibration in SF6 Relaxation from this 
state to lower lying states is relatively slow[12, 13, 14] which is favourable 
in the present experiment since it allows V-V exchange between excited 
SF6 molecules and ground state С^гЦ molecules to take place during colli­
sions occuring in the jet environment The vibrational energy transferred to 
propyne is probed by recording the hot band spectrum 
Since the v\a mode is a degenerate vibration and v\ is non-degenerate, 
the band under study here belongs to the class of PAPE bands, 1 e parallel 
bands with a perpendicular structure[8] as consequence of the presence of 
the excited degenerate mode Recently much effort has been devoted to 
the study of these PAPE bands and in particular to E — E type hot band 
transitions in symmetric rotor molecules Apart from propyne, many cases 
of such hot bands in methyl cyanide and methyl halides have been studied, 
see e g Refs [9, 10, 11] For a full description of PAPE bands the reader is 
referred to [8] 
4.2 Experimental 
The experimental apparatus has been described in detail elsewhere[15] The 
excitation scheme, though for different molecules, has been described in 
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Figure 4.1: Level scheme of the investigated transition Coríohs splitting 
and l-type doubling effects are indicated for К = 1 The order of the Αχ and 
Αι components are determined by the fact that qv < 0 m both upper and 
lower state/3, 10] Selection rules for an E — E type transition show that P-, 
Q- and R-branches can be observed for each К (P-branch not shown) 
Ref [12] Briefly, in this investigation a mixture of 10% C3H4 and 15% SFÖ 
in Ar was expanded through a 20 ж 0 05 mm slit nozzle The C3II4 sample 
had a purity of 99% and was purchased from Scott Specialty Gases, Ine, and 
was used without further purification 
A cw CO2 waveguide laser, which in combination with a i m long wave­
guide amplifier, reaches an output power of approximately 10 Walts, is tuned 
to the u3R(2S)A2(0) transition in SF6 near the 10P(14) laser lme[16] In the 
colhsional environment of the planar jet the rovibrational energy pumped 
into SF6 is redistributed over many rovibrational levels of SFfi as well as 
those of C3H4 A single mode scanning Color Center Laser (Burleigh FCL-
20) was tuned to the acetylenic С — H stretchmg fundamental v\ of propyne 
near 3335 c m - 1 and was scanned between 3343 and 3327 c m - 1 over the 
regions where the P-, Q- and R-branch lines of v\ + J/JO — fio are known 
to be located[l] Both laser beams, counter propagating and parallel to the 
long axis of the slit, were crossed under a small angle in the molecular jet 
just below the nozzle By intensity modulation of the CO2 laser and phase 
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sensitive detection of the FCL intensity, a sub-Doppler double resonance 
spectrum against zero background is obtained. 
Due to the weakness of the hot band transitions, several scans (typically 
between 5 and 10) had to be accumulated for each line. This procedure 
increased the linewidth from 100 MHz to about 150 MHz (FWHM) and 
decreased the absolute accuracy of the line positions which is estimated to 
be 0.0025 c m - 1 . The hot band lines were calibrated against fundamental 
v\ transitions which appear 180° out of phase in our spectrum due to the 
depletion of ground state levels in the pump process; u\ line positions were 
calculated from parameters taken from Ref. [7]. 
4.3 Theory 
Both upper and lower vibrational states of the transition under study are 
two-fold degenerate B-symmetry modes. All rotational levels with К > 0 
are split into an E and an A\ @ Аг component due to first order Coriolis 
interaction. If the vibrational state of .E-symmetry consists of a single de­
generate excitation, possibly combined with non-degenerate vibrations, the 
term values are given by[17] 
E(J, K, I) = BJ(J +l) + (A- B)K2 - 2(Αζ)Μ - DjJ2(J + l ) 2 
-DJKJÍJ+IW-DKK* (4.1) 
where ζ is the Coriolis coupling constant, к can take the values ±K and 
I = —vt, —Vt + 2, ...,vt — 2, vt, where v% is the number of degenerate quanta. 
Since Dm = 1 in both upper and lower state, I = ±1 in both states. In 
Fig. 4.1 the situation is sketched for К = 0,1. 
The remaining degeneracy for kl = +K (k = K, I = 1 and к = —Κ, I = 
—1, symmetry Лі Лг) and for kl = —K (k = —K,l = 1 and к = К,I = —1, 
symmetry E) can be lifted for one of the components only; the /-type dou­
bling splits the A\ φ А^ symmetry levels into an A\ and an Ai component 
(see Fig. 4.1). Since in propyne the qv constant is negative[4], the order of 
the A\ and Ai components is reversed with respect to Fig. 5.48 in Ref.[17] 
following the phase convention of Ref.[18]. The degeneracy of the E symme­
try level cannot be lifted. The i-type doubling is generally much smaller than 
the doubling due to Coriolis interaction and appreciable only for К = 1. To 
first order, the magnitude of the splitting is given by 
Δ £ , _
ί ! φ β = qvJ{J + 1) (4.2) 
where qy is the i-type doubling constant. As can be seen in Fig. 4.1, the 
splitting between rovibrational transitions due to i-type doubling will be 
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larger in the Q-branch (proportional to qft, + (fv) than in the P- and R-
branches (proportional to çy — (fv) if qv has the same sign in upper and 
lower state [9, 10]. 
In symmetric rotor molecules, hot band transitions of the type vn+vt—ut, 
where un is a non-degenerate mode and щ is a degenerate mode, belong to 
the family of PAPE bands as described by Graner[8]. The perpendicular 
character of this type of parallel bands is due to the term linear in к in 
eq. 4.1. The perpendicular structure of the band manifests itself strongly 
only when the difference (AC,)' — (Αζ)" is of the order of the rotational В 
constant so that the spacing between the two Coriolis components is of the 
order of the spacing between subsequent J lines in the P- and R-branches 
(see eq. 8 of Ref. [8]). However, since Αζ is not likely to change drastically 
upon going from Vt = 1, v
n
 = 0 to щ = v
n
 = 1, the PAPE structure of the 
band will not be too apparent for the here discussed u
n
 + v% — щ hot bands. 
Selection rules allow transitions to occur between A\ and A2 levels and 
between E levels, giving rise to P-, Q- and R-branches for all values of К 
(see Fig. 4.1). In parallel transitions between non-degenerate vibrations the 
Q-branch is absent for К — 0. 
4.4 Results and discussion 
The hot bands of propyne observed in this study appear very weak when 
compared to the hot bands of other small hydrocarbons investigated by us 
using similar techniques[12, 15, 19]. An explanation may be found in the 
relatively largo number of vibrational modes below 1000 c m - 1 present in 
propyne, which causes the induced excited state population to spread out 
over many rovibrational states. Fast relaxation to the ground state must be 
excluded since the strength of depletion signals on fundamental transitions is 
comparable to C2H4 and C2H2 depletion signals. We have searched for both 
the v\ + 2i/io — 2ΙΊΟ and v\ + vw — і>ю hot bands in the regions where they 
are known to lie[l], but only the latter has been observed. The relaxation 
2i/io -> fio is expected to occur faster than the relaxation from i^o to the 
ground state since the former process is nearly resonant in a collision between 
a doubly excited and a ground state propyne molecule. 
For the v\ + l'io — "10 hot band the К = 0 sub-band has been assigned 
for the R- and Q-branches and the К = 1 sub-band has been assigned for 
the R- and P-branches. Especially in the R-branch, a strong regularity is 
observed for each subsequent J-multiplet as can be seen in Fig. 4.2. If the 
strongest line in each multiplet is attributed to the К = 0 transition, lower 
state combination differences (LSCD's) calculated from the parameters for 
//10 reported by Horneman et α/.[3], yield an assignment for the majority of 
lines in the Q-branch (see Fig. 4.3). Calculations of the P-branch transitions 
for К = 0 with the LSCD's, indicate that, for low J-values, these lines are 
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Figure 4.2: R-branch for J" = 4 - 15. The kl — 0, ± 1 sub-branches are 
indicated. Note the l-type doubling for kl = +1 at high J. Non-identified 
progressions are labeled А, В and C. 
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Figure 4.2 continued 
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Table 4.1: Assigned transitions of the ui + vw — i/io band m propyne m 
c m
- 1























W = 0 
3336 1725( 17) 
3336 733Ц-11) 
3337 2950(-12) 
3337 8573( 4) 
3338 4150(-13) 
3338 9747( 4) 
3339 5318( 7) 
3340 0871( 5) 
3340 6410( 2) 
3341 1948( 9) 
3341 7453( -5) 
3342 2961( -4) 
Q-BRANCH* 
kl = 0 
3333 3150( 11) 
3333 3044( 15) 
3333 2941 ( 10) 
3333 2830( -8) 
3333 2703( 5) 
3333 2594( 14) 
3333 2452( 18) 
3333 2297( 25) 
0 0010 
R-BRANCH 
kl = +\ 
3336 1905( 3) 
3336 7504(-33) 
3337 3131 (-28) 
3337 8773( 5) 
3338 4363( 0) 
3338 9950( 4) 
3339 5517( 1) 
3340 1072( -2) 
3340 6606(-14) 
33412160( 6) 
fc/ = -l 
3336 1806( 9) 
3336 7410(-23) 
3337 3033(-22) 
3337 8671( 6) 
3338 4253( -9) 
3338 9840( -6) 
3339 5420( 3) 
3340 0972( -4) 
3340 6520( -4) 
33412063( 4) 
3341 7582( -1) 
3342 3088( -8) 
P-BRANCH 
kl = +l 
3330 4812( 12) 
3329 9026( 10) 
3329 3216( -2) 
3328 7424( 17) 
3328 1580( 3) 
3327 5759( 13) 
3326 9902( 5) 
0 0014 
kl = -l 
3328 7329( 26) 
3328 1475( -5) 
3327 5665( 20) 
3326 9801( 4) 
0 0013 
* Q-branch Unes have not been included in the fit The deviation from the value 
obtained from LSCD's and the R-branch line positions is given in 10 _ 4 cm _ 1 in paren­
theses 
overlapping with the strong fundamental v\ transitions and are therefore 
unobservable, as was already noticed in FTIR spectra recorded in a cell by 
Amrein et αϊ [2] 
The two features to the blue of each К = 0 R-branch hne are assigned to 
the two Conohs components of К = 1 Using the LSCD's, the two strongest 
features in each P-branch multiplet can be attributed to the К = 1 doublet 
For J < 8 one of the components is obscured by the strong fundamental 
transitions (see Fig 4 4) To higher J-values in the R-branch, the blue 
component of the К = 1 doublet appears to broaden and eventually split 
into two components at J = 15, which we beheve is due to /-type doubling 
Considering the level scheme depicted in Fig 4 1, it can then be concluded 
that this line is the kl = +1 component From the fact that the kl = +1 
line is blue shifted relative to the kl = —1 line, it follows that the magnitude 
of the sphtting of rotational levels due to Conohs interaction in the upper 
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Table 4.2: Rotational constants obtained from fits of the P- and R-branch 
of v\ + ΙΊΟ — "io Lower state constants were kept fixed to the values reported 
m Ref[3] The standard deviation is indicated m parentheses* ¡n units of 
the last digit quoted All values m cm~l 
v\ + 1^0 
kl = Q kl = +1 kl = - 1 
Beff 0 285160(4) 0 285167(6) 0 285173(6) 
i/¿"6 3333 3331(6) 3333 3522(7) 3333 3415(7) 
Αζ 4 73120(17) 
# R lines 12 10 12 
# P-lmes 0 7 4 
* the error in the subband origin is approximately 0 0025 cm - ' due to absolute 
calibration 
state is smaller than in the lower state 
The blend of lines which is observed to the blue of the Q(6,0) line we 
believe to be due to overlapping Q-branch transitions of К = 0, J < 6 and 
possibly some Q-branch transitions with low J belonging to the К = 1 
series 
More progressions have been found mainly m the R-branch (indicated A, 
В, С and D) but the data is, at this point, insufficient to propose a definite 
assignment They may belong to higher if-series, in that case the sub-band 
origins are clearly perturbed as in the v\ fundamental transition[7] The 
additional progressions may also belong to other hot bands In order to 
obtain a higher rotational temperature in the jet the C3H4 seeding ratio has 
been increased, this did not enhance the hot band signal 
P- and R-branch line positions are listed in Table 4 1 and have been least 
squares fitted, for each (K, I) series separately, against 
ν = i/o"** + B'
effm(m + 1) - Djm2(m + l ) 2 - B"e¡¡m{m - 1) + D'jm2(m - l ) 2 
(4 3) 
where Be¡¡ = В — DJKK2, m = —J for the P-branch and m = (J + 1) for 
the R-branch Two different sub-band origins, separated by 4Α(Αζ)Κ, are 
found for К > 0 Since each К sub-band is fitted separately, no information 
can be obtained on the purely AT-dependent terms A and DK 
The results of the fits are quite satisfactory, only the R(5,+l) line devi­
ates more than 2σ from its calculated position (see Table 4 1) The upper 
state constants resulting from these fits are listed in Table 4 2, lower state 
constants were fixed to the values reported by Graner and Wagner[4] The 
value for D'j did not reach a significant value m the fits and was therefore 
fixed to zero The difference in effective B-values for К = 0 and К = 1 is 
too small to determine DJK from those Ä-scrics 













3333.15 3333.20 3333.25 3333.30 3333.35 3333.40 
Wavenumbers (cm"1) 
Figure 4.3: Q-branch. The J-sequence belonging to the К = 0 series is 
indicated for J = 5 — 12. 
The change in the Coriolis interaction constant was determined from 
the splitting between the kl = +1 and kl = —1 lines according to Δ Ι Ό « - = 
4Α(Αζ)Κ. The sign of Δ(Αζ) was determined from the relative positions of 
the two К = 1 components, as described above. 
Prom eq. 4.2 and the i-type splitting of the R(15,+l) line, the difference 
in /-type doubling constant between upper and lower state can be estimated 
to be \Aq
v
\ = 1.9 · 10 - 6 cm _ 1 . 
4.5 Conclusions 
The fio-level in propyne has been populated in a seeded molecular jet 
through vibrational energy transfer from 1/3-excited SFe- From the ob­
served ui + 1/10 — fio hot band transitions, constants for the upper state 
near 3660 c m - 1 have been determined for К = 0 and К = 1. Both the 
effects of Coriolis interaction and ¿-type doubling have been observed. Since 
the Coriolis interaction constant changes only slightly upon excitation, the 
splitting between the kl = +1 and the kl = —1 components is small and the 
band appears like a normal parallel band, as expected for a ν
n
 + щ — vt hot 
band. 
Since only К = 0,1 series have been identified it is impossible to decide 
whether perturbations cause anomalous К sub-band ordering as found for 
the fundamental v\ transition. Due to blending, information on some addi­
tional A'-series is incomplete which makes a definite assignment difficult. In 
V 1 + V 1 0 - V 1 0 
Q-branch 
\ 
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Figure 4.4: P-branch for J=6—ll. The K=0 transitions are unobservabie 
due to the overlapping щ fundamental; at low J-vaJues, the same is true for 
the kl=—l transitions. 
72 The v\ 4- l'io — f io Hot Band in Propyne 
case these series belong to the higher Jf-levels of the v\ + vw — i/\<¡ band, the 
sub-band ordering is clearly perturbed. Bearing in mind this possibility, we 
have not attempted to determine the A constant for the upper state from 
the К = 0 and К = 1 sub-band origins. 
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Chapter 5 
The vj -\- ид — Vg Hot Band in 
Ethane 
JOS OOMENS AND JORG HEUSS 
Department of Molecular and Laser Physics 
Catholic University of Nijmegen 
Toernooweld 1, 6525ED Nijmegen, The Netherlands 
Abstract 
Applying an IRIR double resonance technique in a seeded molecular jet, 
a rotationally cooled hot band spectrum of ethane has been recorded in 
the region of the C-Η stretching fundamental νη near 3000 c m - 1 The 
observed hot bands are assigned to the two perpendicular components of 
the vi + щ{А\
д
 ® Ä2g Θ Eg) «- vg(Eu) band The spectrum appears to be 
heavily perturbed by dark state interactions in the upper state forcing us to 
analyse each if-stack separately Rotational levels in the νη + v$ state up to 
J = 15 and К = 5 have been least squares fitted to standard symmetric rotor 
expressions with an average standard deviation of 0 0014 c m - 1 No evidence 
has been found of hot bands starting from excited torsional states indicating 
that these levels are quickly deactivated by V-T transfer to the ground 
state in the collisional environment of the jet, however, the vg state collects 
substantial population suggesting that this state is colhsionally rather stable 
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5.1 Introduction 
Thus far, hot bands studied in ethane have mainly torsional states as lower 
level[l, 2, 3] The low energy of the torsional excitation renders sufficient 
population in the lowest torsional levels 1/4 and 21/4 to apply e g IR absorp­
tion techniques at room temperature In fact, the presence of hot bands in 
the spectra of the various IR active bands complicates severely the analysis 
of the fundamentals This problem was encountered by Cole and coworkers 
in their study of the 1*1 C-Η stretching fundamental near 2985 c m - 1 [4, 5] 
(used as probe transition in the present study) In order to avoid the ex­
tensive blending due to torsional hot bands, the v^ band was recorded m a 
cell cooled to 119 К by Pine and Lafferty[6], a FTIR molecular jet spectrum 
was recorded by Mélen et al taking advantage of the expansion coolmg[7] 
The torsional motion in ethane has been thoroughly studied as ethane is 
one of the simplest molecules with internal rotation Though in principal the 
torsional motion is IR inactive due to the high symmetry of the molecule, 
it becomes slightly IR active by Coriohs interactions[3, 8] This enabled 
Moazzen-Ahmadi and coworkers to record FT spectra under relatively high 
pressure-pathlength conditions for СгНб and СгВб[3, 9, 10] Another way 
to obtain information on the torsional states is by studying their hot bands 
as illustrated by Blass et al [2] who recorded the 1/4 + иg — щ band Torsional 
overtones are Raman active as shown for the 2^4 — gs and several hot bands 
by Fantoni et al [1] A detailed theoretical investigation of the effects of 
internal rotation on IR spectra of ethane is presented by Hougenfll] 
In ethane the colhsional relaxation from the lowest torsional state to the 
ground state is known to occur rapidly[13, 15], the barrier to internal rota­
tion amounting to approximately 1012 c m - 1 [10] In Fig 5 1 the relaxational 
processes of interest in this study are depicted Two different decay times 
are assumed to govern the relaxational behaviour of highly excited ethane 
as the lowest (torsional) mode of ethane (1/4 at 289 c m - 1 ) hes far below the 
second lowest mode (ug at 820 cm_ 1)[13, 14], V-V relaxation between w9 
and 1/4 (R2 in Fig 5 1) occurs 9 times slower than the decay of 1/4 to the 
ground state (Rs)[13] 
In this work we present a hot band spectrum recorded in a seeded molec­
ular jet applying an IRIR pump-probe technique Colhsional energy transfer 
between CO2 laser excited SF6 and СгНв is used to populate the lower level 
of the hot band under study The torsional states do not acquire an ob­
servable population in the colhsional relaxation cascade following the pump 
step Fast relaxation from the lowest torsional state to high rotational lev­
els in the ground vibrational state is held responsible for this observation 
Experimental evidence for this fast relaxation is found at the high lying 
rotational levels of the ground state which gain substantial population by 
collisions 
The observed hot band spectrum belongs to transitions starting from 
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Figure 5.1: Relaxation scheme for the present experiment. The shaded 
areas represent the rotational manifolds. The torsional splitting can be seen 
to increase with the number of torsional quanta excited. Observations show 
that the relaxations rates are such that Яі,Яз > Яг> 'π agreement with 
literature[12, 13, 14, 15]. 
the collisionally populated 1/9 state. This vibrational excitation at 820 cm 
obtains sufficient population in the relaxation processes to render hot bands 
starting from this state observable. 
It will be shown that the observed hot bands are due to the isj + щ — щ 
band, which, as outlined in section 5.3, possesses two perpendicular com­
ponents. In our analysis we have exploited the accurate spectroscopic data 
available for the lower vg state from the work of Henry et αΖ. [16]. The spec­
trum shows clear evidence of severe perturbations in the upper state due to 
local resonances. Therefore, each if-stack has been fitted separately yield­
ing effective rotational parameters. This fitting procedure is rather similar 
to the procedures applied in the analysis of the 1/7 fundamental, where some 
of the К -stacks showed deviating rotational constants due to local pertur­
bations, too[5, 7]. 
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5.2 Experimental 
The experimental apparatus has been described in detail elsewhere[17]. In 
this experiment we expand a mixture of 10% СгЩ and 10% SFe in Ar 
through a slit nozzle, thus forming a planar molecular jet containing rota-
tionally cooled ethane molecules. 
A CO2 waveguide laser is tuned to the 10P(14) Une in order to reso­
nantly pump the изЩ28)А2(0) transition in SFß near 950 cm - 1 [18]. In the 
collisional environment of the jet, vibrational energy is redistributed over 
the rovibrational levels below 1000 cm - 1 of both SF6 and СгНб. A single 
mode F-Center Laser (FCL, А и 3.3/¿m), passing through the planar jet 
at 180° with respect to the pump laser, probes the hot bands in ethane 
by adding a ιη quantum to the initial state. In SFe no strong absorptions 
occur in this frequency region as the 1/3 mode is the highest fundamental in 
this molecule. The FCL is equipped with a new Li:RbCl crystal (Burleigh) 
allowing to tune to the red to approximately 2975 c m - 1 . 
By mechanical modulation of the CO2 laser beam and phase sensitive de­
tection of the attenuation of the FCL beam in the jet, one basically records 
the difference in FCL absorption with the CO2 laser on and off. This differ­
ence may be either positive or negative depending on whether the lower level 
of the probe transition is populated or depleted, respectively, by the CO2 
laser radiation. Thus, negative peaks are found on transitions belonging 
to the ιη fundamental with low J, K\ the hot bands are calibrated against 
these fundamental transitions in depletion using the spectrum of Pine[19]. 
The absolute precision is estimated to be 0.0015 c m - 1 . 
5.3 Theory 
Due to the staggered configuration of the two methyl groups, the ethane 
molecule belongs to the D34 symmetry group, if the internal rotation is 
neglected. Including this torsional motion, the molecule is adequately de­
scribed by the (?з"6 group[ll]. As we observe no important torsional splittings 
in our spectrum, we will largely stick to the DM description. 
The lower level of the transition under study is the degenerate rocking 
vibration ug(E
u
) near 820 c m - 1 , which is the lowest vibration in ethane 
apart from the torsion 1/4. It is in strong Coriolis resonance with Зщ as 
investigated by Henry and coworkers[16]. 
The symmetry of the upper level of the transition, subject of this work, 
can be determined from 
Γ(ιτ + i/9) = Γ(ι/7) ® Γ(ι/9) = Eu ® Eu = Alg φ A2g Θ Eg (5.1) 
The νη + щ — vg hot band in principal consists of two perpendicular transi­
tions (Aig «— E
u
 and Ai9 <— Eu) and one parallel transition (Eg <— Eu). 
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80 The uj + i/o — 1/9 Hot Band in Ethane 
Both uy and i/g are degenerate modes for which the degeneracy is lifted for 
Κ φ 0 by Coriolis interaction separating the / = +1 and I = —1 component. 
In the νη + i/g state the vibrational angular momenta can couple either to 
/ = 0 or to |/| = 2. The vibrational angular momentum is correlated to the 
three symmetry species as follows 
Αι, : ^("7 + V+"7~4 + 1 ) ' = 0 (5.2) 
M9 : ^ K
+ V - " 7 ~ 4 + 1 ) 1 = 0 (5.3) 
Eg 
,,+ι,,+i I = +2 
I = - 2 
For Κ φ 0 the two ß-states are separated by Coriolis interaction into an 
I — +2 and an I = — 2 component, as depicted in Fig. 5.2. Applying the 
selection rules, in particular 
AK - Al = 0 (5.4) 
one finds that the perpendicular bands are allowed (AK = ± 1 , Δί = ±1) 
whereas the parallel band is forbidden (AK = 0, Δί = ±1). 
In Fig. 5.2 the level scheme applicable to the transition under study 
is sketched for К = 0 to К = 6. (Note that the Coriolis splitting in the 
degenerate states is in fact proportional to K, which has not been drawn.) 
The order of the three components of wr + vg is arbitrarily chosen. Some 
rovibrational transitions belonging to the two allowed perpendicular bands 
are shown. The J-values are not shown since the symmetries of the torsional 
sub-levels, given in the G£6 notation[ll] are correct for any J. Selection 
rules allow transitions between upper torsional components and between 
lower torsional components. Thus, in the spectrum an observed splitting of 
the torsional doublets would be equal to the difference in torsional splitting 
between 1/9 and 1^ + щ. 
Large splittings were expected if torsional excitation would be present 
since the splitting increases rapidly with the number of torsional quanta 
excited. 
From the study of the 1/9 fundamental by Susskind et al. it is known that 
the torsional splitting in 1/9, due to tunneling through the barrier to internal 
rotation, is about 30% smaller than that in the ground vibrational state 
(«0.0054 cm_1)[21]. However, the x,y type Coriolis interaction between 
1/9 and 3^ 4 gives rise to a strong dependence of the torsional splitting on 
the rotational quantum numbers J and K. As our experiment is performed 
in a rotationally cold environment, this effect is hardly observable at our 
resolution (100 MHz). Occasionally the torsional splittings are observed as 
shoulders on the spectral lines. 
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1 2978 8217 
1 2978 8282 
1 2978 8322 
1 2978 8380 
1 2978 8460 
1 2978 8460 
1 2982 8156 
1 2984 1375 
1 2985 4606 
1 2986 7789 
1 2988 0995 
1 2989 4173 
1 2990 7350 
1 2992 0523 
0 2976 9761 
0 2978 3022 
0 2982 2008 
0 2982 2334 
0 2982 2493 
0 2982 2583 
0 2982 2649 
0 2982 2690 
0 2982 2759 
0 2987 5596 
0 2988 8766 
0 2990 1911 
0 29914976 
0 2992 7857 
0 29941039 
2 2977 2773 





2 2989 1696 
2 2989 1758 
2 2989 1819 
2 2989 1858 
2 29891912 
2 2989 1947 
2 2989 1997 
2 2989 1997 
2 2989 2030 
2 2993 1724 
2 2994 4942 
2 2995 8167 
2 29971352 
2 2998 4550 
—1/9 bot band. 
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8 3 9 2 
7 3 - 8 2 
4 3 - 5 2 
9 3 9 2 
8 3 - 8 2 
7 3 - 7 2 
6 3 6 2 
5 3 - 5 2 
4 3 4 2 
3 3 - 2 2 
4 3 3 2 
5 3 - 4 2 
6 3 5 2 
7 3 - 6 2 
8 3 - 7 2 
9 3 - 8 2 
12 4 - 12 3 
11 4 - 11 3 
10 4 - 10 3 
9 4 - 9 3 
8 4 - 8 3 
7 4 - 7 3 
6 4 - 6 3 
5 4 - 5 3 
4 4 4 3 
4 4 - 3 3 
5 4 4 3 
6 4 - 5 3 
7 4 6 3 
8 4 - 7 3 
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* Not included in fit 
Where no residual is indicated, the lower level could not be 
obtained from Hef [16] 
5.4 Observations and spectroscopic analysis 
The hot band spectrum, shown in Fig. 5.3, clearly contains two perpen­
dicular bands (I and II) as can be directly seen from the prominent sub 
Q-branches. A third progression of Q-branches is observed which is due to 
high ground state levels gaining population in the relaxation process; it coin­
cides with the Q-branch progression of the uj fundamental. On the blue side 
of the spectrum many lines belonging to the various r R series are visible; a 
large part of the red side of the spectrum containing most of the PP lines is 
missing due to the limited tuning range of the FCL crystal. Therefore we 
have focussed our spectroscopic efforts on the ΔΚ = +1 transitions. As can 
be seen from the level scheme in Fig. 5.2 for the perpendicular components 
in the band, the PAJK+\ transitions reach the same 1/7 + 1/9 levels as the 
rAJf(-i transitions (where AJ stands for P,Q and R) and would therefore 
merely confirm their assignments rather than add new information to them. 
An assignment can be found rather straightforwardly for both hot bands 
by 'counting the missing lines' between each TQK branch and the first line 
in its accompanying TRK series; due to their low intensities, lines in the 
г
Рк series were hard to find. Thus, for band I and II the TQo transitions 
are located near 2982.3 c m - 1 and near 2984.5 c m - 1 , respectively. Many, 
mainly weak lines remain unassigned. 
Based on our experience with hot band analyses of different molecules[22, 
23, 24], we started from the assumption that the lower levels of the observed 
hot bands were the lowest possible excited СгНб levels i.e. the torsional 









) perpendicular hot bands. However, lower state 
combination differences (LSCD's) calculated from the rotational constants 
of щ and 21/4 from Refs.[2, 3] failed to match the observed differences between 
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Table 5.2: Energy levels in 1/7 + щ used in the least squares fits in c m - 1 . 
Residuals are given in parentheses in JO - 4 cm~l. The К = 2 level of band 
I is severely perturbed (see e.g. Fig. 5.4a) leaving an assignment for the 






























К = 1 
3807 9663( 5) 
3811 9341( 1) 
3817 2237( 3) 
3823 8341( -4) 
3831 7656 (-13) 
3841 0126( 18) 
3863 4686( -4) 
K- 1 
3833 8871( 17) 
3843 1402(-18) 
3853 7210( -3) 
3865 6621 (-14) 
3878 8493( 7) 


































«• = 3 
3829 7129( 5) 
3835 0044( 7) 
38416211(-16) 
3849 5562( 3) 
3858 8165( -6) 
3869 3966( 9) 
3881 3011( 0) 
3894 5256( 9) 
3909 0739( -6) 
3924 9411( 3) 
3942 1306( -3) 
3960 6395( 1) 
3980 4690( 2) 
B A N D II 
К^Ъ 
3831 7928( 11) 
3837 0808(-10) 
3843 6930( -7) 
3851 6270( -1) 
3860 8825( 10) 
3871 4563( 0) 
3883 350S( -3) 
K = i 
3856 5752( -1) 
3864 5119( 2) 
3873 7703( -1) 
3884 3510( -3) 
3896 2542( 1) 
3909 4789( 2) 
3924 0246( -1) 
3939 8918( 0) 
K = i 
3852 4145( 36) 
3858 9924( -6) 
3866 8929(-12) 
3876 1124(-33) 
3886 6564( 29) 
3898 5279( 10) 
3911 7242( 35) 
3926 2467( 38) 
3942 0927(-36) 
if = 5 
3875 5878( -5) 
3883 5299( 12) 
3892 7913( -5) 
3903 3771( -2) 
3915 2848( 2) 
К = 5 
3877 3217( 9) 
3885 2472( -7) 
3894 4915(-10) 
3905 0524( -5) 
3916 9284( 11) 
3930 1139( 5) 
3944 6083( -6) 
the TQK{J) and TRK{J - 1) lines. 
This result led us to the conclusion that the observed hot bands do not 
start from excited torsional states. It is known that the deactivation of the 
the torsional states by V-T transfer occurs fast with respect to the collisional 
energy transfer from higher vibrational states[12, 13, 15]; the 1/9 state at 820 
c m
- 1
, i.e. about 130 c m - 1 below the laser excited state of SFÖ (see Fig. 
5.1), belongs to these relatively slowly relaxing states. Efficient torsional 
deactivation is probably responsible for the high rotational levels in the 
ground state gaining population as can be seen e.g. from the TQK branches of 
the νη fundamental. In Fig. 5.3, these fundamentals are indicated by νη TQK\ 
e.g. at 3003.7 c m - 1 the rQs branch shows depletion for low J-values and 
increased population for high J-values. Athcrmally high rotational ground 
state levels were not observed by us previously in experiments on other 
molecules without internal rotation[17, 23, 24]. The observations discussed 
above can be explained by assuming relaxation rates such that R\, R3 > R2 
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Table 5.3: Effective rotational constants for the νη + vg state in ethane, 
obtained from the ιη + ug — vg hot band. Parameters for the i^j and for the 
ground state have been included for comparison. VaJues for Dj strongly 
deviating from ss 1 · I O - 6 cm-1 indicate a strong perturbation. For entries 
with an asterisk the rQ¡c-branches are displayed in Fig. 5.4. The error (1σ) 
is indicated in parentheses in units of the last digit quoted. All values are 
















































































Ground statel 161 
β 
0 66302901(39) 
Dj 10 6 
1 03174(24) 
















































(see Fig. 5.1). As described in the Introduction, this assumption is m 
agreement with relaxation rates reported in the literature[13, 14, 15]. By 
the way, absence of observable torsional splittings in our hot band spectrum 
strengthens the argument that no torsional excitation is present in the jet. 
It was then assumed that the rocking mode д(Е
и
) near 820 c m - 1 forms 
the lower state. Rotational energy levels in vg have been calculated by 
adding the transition frequencies of the vg fundamental listed in Ref. [16] to 
the ground state rotational levels calculated from the constants taken from 
that same paper. The LSCD's determined from these щ levels match well 
with both observed hot bands. This convinced us that the two observed hot 
bands belong to the щ + ид — ид transition. 
As outlined in section 3, symmetry considerations and selection rules 
allow to observe two perpendicular bands [A\g <— Eu and Ai9 <- Eu) be­
longing to the νη Л- д — vg transition. The observed hot bands I and II are 
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attributed to these components, we see no way to determine which band is 
to be attributed to which component, since both bands start from the same 
lower state 
By adding the 1/9 energy levels[16] to the 1/7 +1/9 —1*9 transition frequen­
cies, energy levels in the νη + vg state have been determined as listed in 
Table 5 2 These energy levels have been fitted for each if-stack of the two 
bands separately to 
E79(J, K) = Emb + BeffJ(J + 1) - DjJ2(J + l ) 2 (5 5) 
The results of the fits are listed in Table 5 3 Comparing these results to the 
observed line positions (see last column of Table 5 1), one notices that few 
residuals exceed 0 0020 r m " 1 The deviation from the LSCD's obtained from 
Ref [16] is reflected in the difference between residuals of transitions reaching 
the same upper state These differences hardly exceed the experimental 
accuracy of 0 0015 c m - 1 When no residual is stated, the lower level of the 
transition could not be determined from Ref [16] Since the К = 1 <— 0 
transitions are not reported by Henry et al [16] for J < 8, the low rotational 
levels in the Kl = +1 stack of vg could not be determined, leaving us unable 
to analyse the νη + vg К = 0 state through the К = 0 <— 1 transitions of 
band I 
In order to locate the band origins and to obtain an estimate of the 
purely /("-dependent terms in the Hamiltoman A and Όχ, the sub-band 
origins from Table 5 3 have been least squares fitted, for each of the two 
bands separately, to 
E
sub(K) =Eo + (A- B)K2 - DKK* (5 6) 
From the results, listed in Table 5 4, it can be seen that the Da values are 
about two orders of magnitude higher than expected, note however, that the 
values are significant in view of their small uncertainty If Ό к is fixed to the 
value for the 1/9-state (near 1 10~5 cm_1[16]) the χ2 error of the fit increases 
by a factor of about ten and the value for А—В decreases drastically, whereas 
the EQ values remain unchanged within their uncertainty By adding the 
average Be¡¡ from Table 5 3 to the value for A — B, effective A-values for 
band I and II of 2 906(22) cm - 1 and 2 969(37) cm - 1 have been determined, 
respectively These values are about 10% higher than the values for the 
lower vg state, which is most likely caused by resonances with nearby dark 
states 
Close inspection of the various sub Q-branches reveals that many of the 
series are seriously perturbed by local resonances As an example, four sub 
Q-branches are shown in detail in Fig 5 4 These perturbations result in 
anomalous effective values of the rotational constants and in an increased 
standard deviation (see Table 5 3) The К — 2 series of band I is so strongly 
perturbed (see e g the rQi branch of band I) that no assignment could be 
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Table 5.4: Effective values for the band center and tbe purely K-dependent 
terms in the Hamiltonian for tbe 1/7 + 1/9 state in ethane, obtained from a 
fit of the sub-band origins listed in Tabic 5.3. The error (\σ) is indicated in 
parentheses in units of the last digit quoted. Ail values are given in c m - 1 . 
BANDI BAND II 
Bo 3801.78(12) 3803.78(18) 
A - В 2.245(22) 2.308(37) 
DK 0.00350(81) 0.00632(140) 
found. In addition, the PQ\ branch of band II can be seen to show a very 
peculiar shape. Since only certain /f-series are affected, Coriolis interac­
tions with nearby dark states are most likely to cause the perturbations. 
Similar effects were observed for the i*r fundamental^, 5, 7]. In Table 5.3 
we have included the parameters of the щ state obtained from the analy­
sis of the cold band by Melen eí oí. [7]. As can be seen, for the low J, К 
states observed in their jet cooled FTIR spectrum, the Kl — — 3 appears 
to be heavily perturbed. Our hot band spectrum obviously suffers more 
from local perturbations as can be seen from the various exotic values of the 
distortion constant Dj. The density of vibrational states can be estimated 
from a direct counting algorithm of the twelve fundamental modes, treating 
the torsional motion as a hindered rotor[25]. Following this method, the 
density of states amounts to about 1.8 vibrational states per c m - 1 at 4000 
c m
- 1
, compared to 0.5 states per cm "' at 3000 c m - 1 where the νη funda­
mental is located. No attempt has been made to analyse the perturbations 
in detail. A simultaneous fit of all the lines in the band is pointless unless 
one takes into account the various perturbations. At this moment the sparse 
knowledge of this frequency region in ethane does not allow such an analysis. 
5.5 Discussion of relaxational aspects 
Comparing the hot band spectra of ethane to hot band spectra of other 
small hydrocarbons recorded using similar experimental techniques[17, 22, 
23, 24], one finds some essential differences in relaxational behaviour which 
are attributed to the presence of internal rotation in ethane, as discussed in 
section 5.1. One of the most striking differences is found at high rotational 
levels in the ground state which acquire substantial population; this effect 
was not observed by us for other molecules. The effect is believed to be 
due to collisional coupling of the lowest torsional state to high rotational 
levels in the ground state which effectively converts the internal rotation 
into end-over-end rotation of the molecule, leaving no observable population 
in the torsional state. The rotational quantum numbers for which depletion 
changes to extra population varies smoothly from J = 12atJif = l t o J = 6 
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at К = 6, locating this point at approximately 105 ± 10 c m - 1 above the 
rotational ground level. 
The 1/9 state in ethane lies sufficiently close to the initially excited level 
of SFe at 950 c m - 1 to become activated efficiently (rate R\ in Fig. 5.1). The 
energy release of about 130 c m - 1 in the SFe^a) —> СгНв^э) relaxation gives 
this process its one-way nature. Deexcitation of the щ mode by collisions 
occurs slowly, presumably due to a) the large gap to the next lower state (21/4 
at 542 c m - 1 ) , b) the relatively slow rate of V-V energy transfer to lower 
lying SF6-states (e.g. щ at 617 cm - 1 ) and c) the dominantly occurring 
collisions with Ar-atoms in our experimental 10%-10%-80% ЭРб-СгНв-Аг 
mixture. Thus the 1/9 state acts as a reservoir for population, much like the 
fio state in ethylene as found by Dam et al.[22]. 
The eolllisional medium of the jet expansion, studied with IR.-IR dou­
ble resonance provides thus information on spectroscopic properties of high 
vibrational states of СгЩ (Tables 5.3 and 5.4) as well as on relaxation 
pathways and relative rates. 
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Chapter 6 
The Ethylene Hot Band Spectrum 
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Abstract 
A new hot band spectrum of ethylene has been recorded from 2970 c m - 1 to 
3015 c m - 1 at low rotational temperatures in a seeded molecular jet, using 
vibrational energy transfer from S F 6 to C2H4. An IR-IR double resonance 
technique has been applied to p u m p the lower states and subsequently probe 
the hot bands. Two new hot bands, & Ί Ο + " Ι Ι — " I O a n d V7+V11 ~ит, have been 
found. T h e weak hot band starting from νη has been identified by direct 
labelling of some rotational levels in the vj manifold. High resolution F T I R 
spectra at ambient and at elevated temperatures have been recorded, too; it 
has thus become possible to extend the analysis to higher rotational quantum 
numbers. T h e previously analysed щ + v\o level has been reinvestigated 
and a b-type Coriolis interaction with the nearby νη + ц s tate has been 
observed. Rotat ional energy levels of νη + vu and of 1/9 + V\Q have been 
fitted simultaneously, taking into account the local perturbations due to 
1
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four dark states Prom the shift of all Κ φ 0 levels to higher frequencies in 
the fio + 1/ц state, a global a-type Conohs interaction with щ + 2v\i has 
been identified 
6.1 Introduction 
This contribution is based on investigations of hot bands in ethylene (C2H4) 
which were initiated by Dam et al some six years ago After their work 
on the strong 1/10 + 1/9 — vw hot band[l] we found also the weak nearby 
lying 1/7 + 1/9 — 1/7 hot band[2] The techniques used in previous experiments 
relied strongly on the possibility to resonantly pump some rotational levels 
of the 1/7 mode with a CO2 laser The hot bands were then probed with 
the continuously tunable radiation from an F-center laser operating around 
3100 c m - 1 The 1/9 vibration, used to produce the hot bands in these inves­
tigations, is the C-Η stretching motion with its transition dipole moment 
in the plane of the molecule perpendicular to the C=C axis Since ethylene 
is a nearly prolate symmetric rotor, the 1/9 fundamental and its hot bands 
appear as b-type bands 
The ethylene spectrum in the 3000 c m - 1 region is dominated by the 
strong absorptions due to the v\\ C-Η stretching mode with its transition 
dipole moment parallel to the C=C axis This gives rise to an α-type band 
which resembles a parallel band in the symmetric rotor limit The hot bands 
presented here have the same lower states as in the studies mentioned above, 
however, now we add a quantum of і/ц to reach the upper hot band levels 
Thus, the hot bands under study in this work are α-type bands 
Relaxation processes, occurring between pump and probe laser interac­
tion with the molecules, strongly affect the populations in the lower states of 
the hot bands and thus influence the intensities with which the different hot 
bands are observed Especially the relaxation from 1/7 to і>ю has been exten­
sively studied in the previous experiments The fast V-V transfer from u7 to 
1/10, reported by Dam et al [3], is observed again, strong Conohs interactions 
between 1/4, 1/7 and i/m[4, 5] are held responsible for this observation 
In this work a somewhat different pump process has been applied exploit­
ing vibrational energy transfer from і/э-excited SF6 to C2H4 as explained in 
the experimental section This method allows to excite ethylene molecules of 
all four nuclear spin symmetry species simultaneously Characteristic popu­
lation differences observed for this technique and for the more conventional 
technique applied in previous studies[l, 2], led to the identification of the 
weak hot band starting from 1/7 
In addition to the rotationally cooled jet spectra, Fourier transform in­
frared (FTIR) spectra, recorded in dessen, have been used in this analysis 
Based on the preliminary assignments for low quantum numbers obtained 
from the jet spectra, it has been possible to recognize the hot bands in the 
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congested FTIR spectra and to extend the analysis to higher J, К values. 
Thus, the double resonance spectra and the FTIR spectra yield complemen­
tary information. 
6.2 Experimental considerations 
6.2.1 Molecular jet double resonance spectra 
The experimental jet-apparatus has been described in detail elsewhere[2]. 
Briefly, an IR-IR pump-probe technique has been applied to a planar seeded 
molecular jet expansion. A cw CO2 waveguide laser, in combination with 
a waveguide amplifier generating an output power of around 10 Watts, is 
used as pump laser. A computer controlled single mode scanning F-center 
laser (FCL) is employed as probe laser. Through modulation of the pump 
beam and phase sensitive detection of the probe beam, a hot band spectrum 
against zero background is obtained. Applying this technique one basically 
records the changes in FCL absorption by the jet, induced by the CO2 
laser. These changes may be positive or negative depending on whether 
the lower state of the probe transition is populated (hot band) or depleted 
(fundamental), respectively, by the pump laser. 
In contrast to our previous double resonance hot band studies on ethy­
lene [1, 2], the lower states of the hot bands have been populated in collisions 
with excited SF6 molecules. To that end, a one-to-one mixture of SFe and 
C2H4, seeded in Ar, has been expanded and the CO2 laser has been tuned to 
a resonance in SF 6 (v3R(2S)A2(0) at 10P14+18MHz[7]). This indirect exci­
tation scheme has been succesfully applied by us before in hot band studies of 
some small hydrocarbons lacking molecular transitions coinciding with CO2 
laser frequencies, see e.g. Refs.[8, 9]. Although ethylene possesses several 
such coincidences, we have nevertheless chosen for the indirect excitation 
method since it allows to excite equally and simultaneously rovibrational 
levels belonging to all four nuclear spin symmetry species. When pumping 
directly one rovibrational level in ethylene, belonging to one of the four 
symmetries {Α,Β\,Β·ι and B3), the symmetry of the excited level will be 
largely conserved in the collisional relaxation processes[l, 2]. Thus, only one 
fourth of all rotational levels in the vibrationally excited states are popu­
lated and a subsequently recorded hot band spectrum contains one fourth 
of all lines in the spectrum. This would mean that, in order to obtain a 
complete hot band spectrum, one would have to record the spectrum four 
times using four different pump transitions, each reaching a rovibrational 
level belonging to one of the symmetries. Apart from the problem that this 
method requires much more work to be done, it is not possible to access each 
of the symmetries due to the lack of adequate CO2 laser coincidences^]. 
The drawback that exciting through SF6 diffuses the energy over four 
times more levels is compensated by the larger absorption cross section of 
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Table 6.1: Transitions of the νη + ц — νγ bot band ¡dentißed through 
direct labelling of the lower state with the pump laser Transitions marked 
with an asterisk are displayed m Fig 6 2 





















SFe as compared to C2H4, allowing to pump more energy into the jet No 
symmetry propensities have been observed in the SFe—»СгЩ vibrational 
energy transfer so that a truly complete hot band spectrum is obtained as 
presented in Fig 6 1 
A definite advantage of the direct pump scheme, however, is that it may 
greatly simplify the assignment of complicated hot bands as the spectrum 
contains less lines which can be assigned to transitions starting from levels 
with one known symmetry Especially those hot band transitions starting 
from the rovibrational level which is the upper level of the pump transition, 
appear strongly enhanced as compared to spectra where other pump tran­
sitions are used This labelling method has been applied to identify several 
transitions belonging to the weak vj + v\\ — νη hot band Excerpts of the 
spectrum have been rescanned with the CO2 laser tuned to a resonance with 
an ethylene vy transition and the spectrum has been compared to the spec­
trum obtained from excitation through SFß As can be seen in Fig 6 2 this 
labelling technique allows to assign a number of vj + v\ 1 — vj transitions 
with great certainty On the base of these initial assignments it has been 
rather straightforward to assign the entire spectrum 
6.2.2 F T I R spectra 
Applying a long path absorption cell at ambient temperature (295 K) and 
a heated single pass cell at 417 K, two different sets of data were taken to 
characterize hot band transitions of ethylene in the 3 μπι region by high 
resolution Fourier transform spectroscopy The former set-up yielded a bet­
ter separation between the weak hot band lines and the strong fundamental 
transitions due to smaller Doppler line widths, whereas the latter provided 
a favourable Boltzmann factor for higher levels along with the disadvantage 
of line broadening and increased spectral congestion 
The long path absorption measurements were carried out with a stainless 
steel multi-reflection White type cell with gold-coated mirrors[10] The cell 
was placed between the parallel exit port of the interferometer and the 
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Figure 6.2: Two lines belonging to the νη + ν\\—νη hot band identifìed by 
labelling the lower rovibrational level of the transition with the CO2 laser. 
The lower trace shows the spectrum as obtained when pumping via SF^; in 
the upper trace the labelling technique, as described in the text, is applied. 
The fat arrow indicates the transition starting йот the labelled level. In 
addition it can be seen that uw + і/ц — v\$ transitions starting from levels 
with the symmetry of the pumped level are enhanced. 
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detector chamber using an evacuated optical transfer system The mirrors 
were adjusted to pathlengths of 16, 48, and 256 m These long absorption 
paths rendered optical densities in the range of 140—27100 Pa m at sample 
pressures m the sub-hPa regime to avoid significant contributions to the 
spectral line width caused by pressure broadening 
Spectra of hot ethylene samples were measured with a 3 02 m long 
home-built electrically heated borosihcate glass cell[ll] Two spectra were 
recorded at optical densities of 90 and 800 Pa m, respectively Spatial 
and temporal temperature fluctuations were computer controlled to remain 
within 1 K, using 16 Ni-NiCr-thermocouples 
In all cases, Doppler limited spectra were recorded with a BRUKER 
IFS120HR spectrometer at an unapodized instrumental resolution of 0 0043 
cm - 1 (MOPD) Up to 600 individual scans were co-added and ratioed against 
the spectra of the empty cells that had been recorded at low resolution (0 1 
cm - 1) and post-transform zero-filled The optical components of the present 
experimental set-up included a tungsten lamp as light source, a Si CaF2 
beamsplitter, a broad band interference filter (900 cm - 1 FWHM), wedged 
CaF2 cell windows, and a photovoltaic InSb device as detector 
In order to calibrate the spectra we determined the line positions of 
OCS which were recorded either separately under identical experimental 
conditions or simultaneously as a small admixture to the ethylene sample 
The correspondence between literature values[12] and observed line positions 
yielded the calibration factor by a linear regression procedure The standard 
deviation of the calibrated experimental line positions from their literature 
values was found to be smaller than 3 10 - 5 cm - 1 
The ethylene sample with a specified purity of 99 7% was purchased 
from Merck-Schuchardt and was used without further purification All pres-
sures were continuously checked by capacitance gauges (MKS baratron and 
Leybold, full scale 10 hPa) 
The four room temperature FTIR spectra recorded at different pressure-
pathlcngth products have been merged into one spectrum with a large dy-
namic range of intensities This method allows to observe both very strong 
and very weak absorptions with a good signal to noise ratio in one spectrum 
The intensities obtained from this procedure compare well to calculated in-
tensities For the two spectra recorded at elevated temperatures, an identical 
procedure has been applied 
6.3 Spectral assignment and analysis 
6.3.1 Methodology 
Initially, assignments have been obtained from the rotationally cooled molec-
ular jet spectra, which are less congested than the FTIR spectra In addition, 
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in the double resonance spectra hot band and fundamental transitions can 
be distinguished immediately. 
The strong l'io + " π — "w hot band can be easily recognized in the 
spectrum (Fig. 6.1). With the aid of lower state combination differences 
(LSCD's) based on the rotational constants given in Ref.[6], a good assign­
ment has been obtained for J < 15, К < 5. Nearly 200 lines have thus 
been assigned to the hot band from i/jp. Based on these assignments a spec­
trum was calculated in the form of so called Nakagawa diagrams [13], which 
revealed the hot band in the FTIR spectrum where new lines with higher 
quantum numbers could be identified (J < 20, К < 8). 
The νη + un — vi hot band appears much weaker in the spectrum due 
to the lower populations in ι/η\ an obvious assignment, as in the case of 
the hot band from V\Q, could not be found. However, five transitions were 
definitely identified by applying the labelling technique described in the 
previous section; these transitions are listed in Table 6.1. Based on these 
few assigned lines, rotational constants for the 1/7 + і/ц state and the band 
origin have been estimated. A spectrum calculated from these estimates 
and the LSCD's for the v? state[6] allowed to assign approximately 80 weak 
features in the jet spectrum to the 1/7 + ΙΊ1 —1/7 hot band. Again, comparing 
the preliminary calculations to the FTIR spectrum revealed many new lines 
mainly with higher rotational quantum numbers. 
The lower states of the hot bands investigated here are known to high 
accuracy[5, 6]. From the estimated parameters of the upper states[14, 15] 
it is possible to calculate their energy levels to good approximation. This 
calculated spectrum is then compared to the experimental spectrum with 
the use of Nakagawa diagrams[13]. From these diagrams, the corrections 
that need to be added to the calculated energies can easily be determined; 
in addition an uncertainty is assigned to each level individually. Such a set 
of data has been prepared for all the bands studied and they were used as 
input for the fitting procedures. 
In order to predict the band origins of vibrational states suspected to 
perturb the bright states studied here, recently reported ab initio anhar-
monicity constants for ethylene[15] have been taken into account. The pre­
dictions agree with the experimental data within a few wavenumbers except 
for levels perturbed by anharmonic resonances, where the accuracy of the 
predictions remains better than 10 c m - 1 . Rotational parameters have been 
estimated on the basis of ahaTm and aCor obtained from the harmonic poten­
tial and aanhaTm obtained from the values observed in fundamental bands. 
Some previously proposed perturbations[l] have been found not to be in 
accordance with the present, more accurate data[15]. 
The procedures used to identify a number of perturbing states in the 
spectrum are quite similar to those applied previously in our studies of the 
9^ + l'io level[l] and of the 1/7 + vg level[2]. The method is merely based 
on trial and error; first, a list of possible perturbera with their estimated 
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3000 
29B1 0 2981 5 2982 0 2982 5 2983 0 2983 5 2984 0 
Wavenumbers (cm ) 
Figure 6.3: The Q-biaach region m the jet spectrum and in the FTIR 
spectrum The sub K-branches of U\Q + VI\ — V\O ( т + ц — т) are indicated 
with large (small) numbers Fundamental transitions m FTIR spectrum (·) 
can be easily recognized by comparing the two traces 
parameters[14, 15] is generated For each observed perturbation in the spec­
trum, several possible perturbers and interaction mechanisms are checked 
with their effects, if any, on other K-stacks Finally, the best candidate is 
introduced in the least squares fit where usually the rotational constants 
are constrained to their estimated values whereas the band center and the 
interaction strength are free parameters If the perturber fails to produce 
the observed effects, a different perturbing state has been assumed 
6.3.2 Analysis of the ι/γ + і/ц and i/9 + v w s tates 
Since the νη + і/ц and і^ э + uw states are very closely spaced and are in 
b-type Conohs interaction, a simultaneous fit of their rotational levels has 
been performed The results of this fit are given in Tables 6 2 and 6 3 and 
the rovibrational levels are listed in Table 6 4 in the Appendix 
From the newly observed 1^7+ΐΊι level, one can directly conclude that the 
perturber affecting the 1 + , 2" and 3 + series2 of eg + і>ю had been wrongly 
identified as 1/7 4- fu in Ref [1], for instance, the band center determined 
for the perturber does not match the value obtained from the v-j + i/ц — νγ 
spectrum The only alternative possibility for a fr-type Conolis interaction 
2The standard notation for the ¿f-series of a nearly prolate asymmetric top has been 
used here, 1 e AT*, where + stands for К„ + K
c
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Table 6.3: Interaction parameters determined from the ñts of rovibrational 
energy levels oiuj + і/ц, U\Q + і/ц and д + і/щ. 
states & symmetries type order value (cm - 1) 
1*1 + VU 
"з + "β + 2i/io 
"l + "g 
V2 + l'io + "12 
3ΐΊο + Vyi 
Vg + 2l/i2 










va + "io 
vt + Vì0 
"9 + "10 
ve + vl0 
Vg +1/10 
"10 + "11 







B i f 






















is the 1/3 + i/g + 2i/io level. The introduction of this level permits to explain 
perturbations in the 1 + , 2 - , 2 + and 3 + series of 1/9 + і/щ by b-type Coriolis 
interaction with the 0 + , 1", 1 + and 2 + series of 1/3 +1/3 + 2і/ю, respectively. 
As can be seen from the obs—cale column of Table 6.4 the observed cut in 
the 2~ series at J = 12 is well reproduced in the calculated spectrum. The 
parameters determined here for the 1/3 + i/g + 2V\Q level, cannot explain the 
shift to higher energy of the entire К
а
 = 4 stack of 1/7 + ц, decreasing with 
J , by an anharmonic interaction. Although the К„ = 4 and К
а
 = Ь series 
of i*j + 1/ц have been identified in both the jet and the FTIR spectra, they 
have not been introduced in the analysis because the exact J-numbering in 
the Q-branch remains unclear; moreover, the series are clearly perturbed 
and we have not been able to determine the type of perturbation nor the 
identity of the perturber(s). 
The push-up of rotational energy levels in the 1 + stack of 1/9 + v\o at 
low J-values, which remained unexplained in Ref.[l], is due to a ò-type 
Coriolis interaction with the 0 + series of 1/7 + ц, where the opposite effect 
is observed, a push-down at low J-values. The interaction parameter has 
been determined to be ^ = 0.05126(92) c m - 1 , which is reasonable for a 
third order Coriolis interaction. 
A local perturbation at J = 9 is observed in the 2 + series of 1/9 + "ю 
which we believe to be due to a crossing with the l - series of the 3vw +1/12 
level. This assumption is supported by the observed push-up of the 3 _ series 
of the 1/9 + г/jo state, caused by the 2 + series of 3vw +1/12. A c-type Coriolis 
interaction has therefore been introduced in the analysis. 
The push-down of the K
a
 = 4 stack of 1/9 + щ has been previously 
attributed to an anharmonic interaction with 21/4 + 2i/g[l]· However, the 
improved predictions of the band origins[15] show that this state is located 
too far from 1/9 + vw to produce the observed effects. The expected param­
eters of щ + vy + i/g + 1/10 place this level too high to explain the effects, in 
accordance with the fact that no interaction was observed between 1/9 and 
1/6+1·7+"β[16]· Moreover, the push-down slightly increases at J = 4 to 6 and 
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decreases at higher J-values, such a particular behaviour can be explained 
by assuming a i>-type Conohs interaction with u\ + v% The К
a
 = 3 levels 
of v\ + Vi and the K
a
 = 4 levels of 1/9 + fio closely approach each other at 
J = 4, although the interaction term increases at higher J-values, the energy 
separation increases as well, giving rise to the observed J-dependence 
While at low J-values the perturbations in the K
a
 = 4 stack of f9 + f ю 
have been explained in the previous paragraph, the high J-values appear to 
be pushed up, the opposite effect, a push-down, is observed at high J-values 
in the К
a
 = 5 series Such an effect is typically observed when the K
a
 = 5 
and 6 series of a perturber in b- or c-type Conohs interaction are placed 
around the K
a
 = 4 and 5 series of the bright state Since the effect appears 
to be stronger on K
a
 = 4, the K
a
 = 5 and 6 series of the perturber are 
placed slightly asymmetrical around the K
a
 = 4 and 5 series of щ + fio, 
locating the band center of the perturber approximately 37 c m - 1 below the 
f9 + "10 level Being similar to the interaction between the 1/9 fundamental 
and the 1*2 + f12 level[16], we have identified the perturber as V2 + fio + f12 
which is in c-type Conohs interaction with f9 + fio Additionally, the 3~ 
series of this perturber crosses the 0 + series of f9 + і/щ and coupling is 
possible through c-type Conohs interaction with the 2 + series of vg + ю 
and ΔΚ = 2 asymmetry terms coupling the 2 + and 0+ stacks The small 
perturbations observed at J = 9, 10 and 11 in the 0+ (0 002, -0 006 and 
-0 001 c m - 1 , respectively) are perfectly reproduced by this interaction 
6.3.3 Analysis of the і/ю + і/ц state 
Comparing the Q-branch of the і/щ + і/ц — fio hot band with that of the 
I'll fundamental band, one notices that the sub /f-branches are much wider 
spaced m the hot band indicating a larger change in the rotational A con­
stant Upon closer inspection, it can be seen that each if-stack of the 
1^0 + "11 level is pushed down, which indicates a global effect due to an 
anharmonic or an α-type Conohs interaction In Fig 6 4 the spacing of the 
sub /f-branches in і>ц and in i>w + і/ц are compared, apart from the larger 
change m A constant for the hot band, determining the slope, the effect of 
the interaction is reflected in the deviation from the straight line In order 
to produce the observed global effect, the perturber must be located just 
above the f io+ "11 state and possess an A constant not too different so that 
the /f-stacks of the two states are roughly parallel We propose as perturber 
the i/g + 2fi2 level which is in α-type Сопоііь interaction with νю + fu For 
an α-type Conohs perturbation, the interaction term W is proportional to 
К and the resulting shifts of the energy levels can be developped according 
to the perturbation theory as[16] 
W2 WA 
Δ + Δ 3 
(6 1) 






















Figure 6.4: Plot of the subband origins versus K2 for the v\\ fundamental 
and the ю+ ц—^ю hot band The stope for the fundamental is determined 
by the change m rotational A constant upon going from lower to upper state 
For the hot band, the deviation from a straight line (dashed) is due to the 
α-type CoTiohs interaction with us + 2 ц 
where Δ represents the distance between the two interacting states If this 
distance were constant, the effect would be proportional to —c\K2 + 01K* 
However, as Δ increases with К (because .¿8+12+12 > -A10+11), the shift-
down decreases for two reasons (1) due to the K* term and (2) because Δ 
increases with К 
In addition to the global effect, the 1~ series of the ΐ'β + 2ΐΊ2 level crosses 
the 1 + series of u\o + v\\ at J = 5 causing a more local effect, a small push­
down on especially at J = 1,2 occurs due to the 1 + series of the perturber 
A second local perturbation is observed in the 2~ series of vw + fu 
where a crossing appears between J = 9 and 10 This effect can be well 
explained by assuming a 3 r i order b-type interaction with the l - series of 
"6 + Щ + 2fio 
Introducing these two dark states in the fits we have obtained a rather 
good agreement between experimental and calculated line positions as can 
be seen in Table 6 5 (see Appendix) Towards high J-values, the 2~ series 
is less accurately reproduced, the (13,1,13) and (17,4,14) levels deviate sig­
nificantly (-0 005 c m - 1 and -0 007 c m - 1 , respectively) from their expected 
positions and have therefore been excluded from the fit It is not possible to 
decide which dark states are responsible for those very local perturbations 
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values[14, 15] except for 6j and δχ (see Table 6.2); this is probably due to 
an unidentified resonance perturbing the K
a
=2, 3, 4 and 5 series at high J. 
6.4 Concluding remarks 
In this contribution we have presented two new hot bands of ethylene. In 
addition, the previously reported 1/9 + г/ю — V\Q hot band has been reana-
lysed and the ò-type Coriolis interaction between v-¡ + v\\ and v$ + vw has 
been identified. Several dark state interactions have been included in the 
least squares fits thus obtaining accurate spectroscopic data on certain dark 
states. 
The density of background states near 4000 cm - 1 in ethylene is still 
low enough to allow individual identification of the perturbers affecting the 
spectra of the bright states under study here. The relatively low density of 
states is due to the rather high mode energy of the lowest fundamental, vw 
at 826 cm - 1 . 
The double resonance technique applied in the jet experiments has been 
fully exploited in the identification of the hot band starting from 1/7, which 
appears approximately ten times weaker than the V\Q + І / Ц - I'm hot band. 
The assignment of this weak hot band has been established on the basis 
of a few transitions of which the lower level was directly accessed and thus 
labelled by the CO2 laser. Subsequently, many weak lines in both the jet 
and FTIR spectrum could be assigned to the v-j + v\\ — 1/7 hot band. 
Many weak lines remain still unassigned. They are likely to belong to 
other hot bands; one of the main candidates is the щ + ц — i/g hot band. 
Rotational levels in the lower vibrational state of this band {щ B2S at 940 
c m
- 1
 [17]) cannot be labelled with the CO2 laser since the v$ fundamental 
is infrared inactive. 
The jet spectra and the FTIR spectra are quite complementary; the low 
rotational temperature and the easy discrimination between fundamentals 
and hot bands in the jet spectra allow to obtain a first assignment for levels 
with rather low J, K. A preliminary analysis based on these assignments 
enabled us to find the corresponding hot band lines in the complicated FTIR 
spectra. From there, the analysis has been extended to higher quantum 
numbers. 
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Appendix 
Table 6.4: Rotational energy levels used in the simultaneous fit of the 
vj + ц &nd щ + l'io states. Residuals and uncertainties in 10~* cm"1. 
Levels with uncertainty equal to zero were not included in the fit. 
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Continued on next page 
Continued from ι 
state J Kg 
7 + U 9 3 
7+11 10 3 
7+11 11 3 
7+11 12 3 
7+11 13 3 
7+11 14 3 
7+11 15 3 
7+11 16 3 
7+11 17 3 
7+11 18 3 
7+11 4 4 
7+11 5 4 
7 + U 6 4 
7+11 7 4 
7+11 8 4 
7-И1 9 4 
7+11 10 4 
7 + 1 1 
7 + 1 1 
7 + 1 1 
7 + 1 1 
7 + 1 1 
7 + 1 1 
7 + 1 1 
7 + U 
7 + 1 1 
7 + 1 1 
7 + U 
7 + U 
7 + U 
7 + U 
7 + U 
7 + U 
7 + U 
7 + U 
9 + 1 0 
9 + 1 0 
9 + 1 0 
9 + 1 0 
9 + 1 0 
9 + 1 0 
9 + 1 0 
9-1-10 
9 + 1 0 
9 + 1 0 
9 + 1 0 
9 + 1 0 
9 + 1 0 
9 + 1 0 
9 + 1 0 
9 + 1 0 
9 + 1 0 
9 + 1 0 
9 + 1 0 
















































































 c m "
1
 obs'd~ 
7 4050 2503 
β 4068 5379 
9 4088 6605 
10 4110 6152 
11 4134 4010 
12 4160 0116 
13 4187 4424 
14 4216 6894 
15 4247 7408 
16 4280 5865 
0 4014 9977 
1 4024 1047 
2 4035 0363 
3 4047 8015 
4 4062 4024 
5 4078 8387 
6 4097 1214 
1 4014 9977 
2 4024 1047 
3 4035 0363 
4 4047 8023 
5 4062 4037 
6 4078 8407 
0 4060 8599 
1 4071 7947 
2 4084 5521 
3 4099 1351 
4 4115 5423 
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Continued on next page 
Continued from ] 
state J K
a 
9+10 11 2 
9+10 12 2 
9+10 13 2 
9+10 14 2 
9+10 15 2 
9+10 16 2 
9+10 17 2 
9+10 3 3 
9+10 4 3 
9+10 5 3 
9+10 6 3 
9+10 7 3 
9+10 8 3 
9+10 9 3 
9+10 10 3 
9+10 3 3 
9+10 4 3 
9+10 5 3 
9+10 6 3 
9+10 7 3 
9+10 8 3 
9+10 9 3 
9+10 10 3 
9+10 11 3 

























































































Kl c m - 1 obs'd 
"~ÏÖ" 4061 7997 
11 4083 2371 
12 4106 5267 
13 4131 4487 
14 4158 0970 
15 4186 4667 
16 4216 5478 
0 3972 8944 
1 3980 1328 
2 3989 1861 
3 4000 0603 
4 4012 7573 
5 4027 2866 
6 4043 6605 
7 40618947 
1 3972 8943 
2 3980 1321 
3 3989 1825 
4 4000 0503 
5 4012 7318 
6 4027 2328 
7 4043 5525 
8 4061 6916 
9 4081 6487 
10 4103 4206 
0 4006 5918 
1 4015 6294 
2 4026 4857 
3 4039 1558 
4 4053 6429 
5 4069 9499 
6 4088 0772 
7 4108 0326 
8 4129 8177 
9 4153 4373 
10 4178 9029 
11 4206 2216 
12 4235 4020 
1 4006 5917 
2 4015 6314 
3 4026 4846 
4 4039 1545 
5 4053 6421 
6 4069 9469 
7 4088 0746 
8 4108 0228 
9 4129 8023 
10 4153 4168 
11 4178 8647 
0 4049 7260 
1 4060 5758 
2 4073 2345 
3 4087 7074 
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Table 6.5: Rotational energy levels used in the fit of the l'io + ц state. 
Residuals ала uncertainties in 20 - 4 cm~l. Levels with uncertainty equal to 
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1 0 + U 
lo+n 





1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 
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1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 
1 0 + U 














































































































































1 0 + U 
1 0 + U 
1 0 + U 
1 0 + u 
1 0 + U 
1 0 + U 
1 0 + U 

























i l obs'd unc's oba-calc 
4097 7290 ÏÔ" ^29" 
4129 5140 10 -53 
3853 8939 10 -5 
3861 1418 20 14 
3870 2084 20 11 
3881 0927 20 -3 
3893 8050 20 5 
3908 3486 10 3 
3924 7325 10 -25 
3942 9740 10 1 
3963 0797 20 6 
3985 0656 10 -8 
4008 9582 20 51 
4034 7578 20 7 
4062 4954 20 6 
3853 8928 10 -15 
3861 1411 10 -7 
3870 2065 20 18 
3881 0857 10 4 
3893 7849 10 -2 
3908 3063 10 3 
3924 6484 20 -5 
3942 8145 10 3 
3962 8027 10 17 
3984 6092 10 IB 
4008 2308 20 8 
4033 6660 20 17 
4060 9062 10 19 
4089 9442 10 12 
4120 7731 20 7 
4153 3855 10 21 
4187 7675 10 11 
3887 7072 10 -10 
3896 7672 10 13 
3907 6387 10 5 
3920 3276 10 7 
3934 8332 10 -8 
3951 1600 10 -21 
3969 3142 20 -1 
3989 2936 20 -6 
4011 1057 20 -7 
4034 7559 20 -2 
4060 2507 20 7 
4087 5953 20 -8 
4116 8044 20 1 
4147 8865 10 6 
4180 8583 20 35 
3887 7082 10 0 
3896 7661 10 3 
3907 6386 10 5 
3920 3274 10 7 
3934 8334 10 1 
3951 1609 20 7 
3969 3083 10 -15 
3989 2831 20 -15 
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Chapter 7 
Epilogue 
In this thesis hot band spectra of several small molecules have been pre-
sented We have mainly focused our efforts on two topics First, spec-
troscopic features of high vibrational states have been investigated, the 
increasing density of background states at these high energies causes se-
vere perturbations m the rotational structure of the investigated levels as 
observed in their spectra Second, vibrational energy transfer in the col-
hsional environment of the jet has been studied and propensity rules and 
symmetry restrictions have been derived for intramolecular as well as for 
intermolecular vibrational relaxation 
Experimentally, the double resonance technique applied in our experi-
ments allows easy discrimination between hot band and fundamental transi-
tions, in contrast to conventional absorption and Fourier Transform spectra 
The seeded molecular jet expansion narrows the hnewidth to about one third 
of the Doppler width at room temperature It has been shown that it is pos-
sible to exploit the vibrational energy stored in the donor molecules C2H4 
and SFc to effectively excite low lying vibrations in acceptor molecules added 
to the expansion This allows to excite vibrational modes which cannot be 
accessed by conventional infrared pumping techniques due to selection rules 
and/or lack of adequate laser sources However, it is also clear that the 
technique presented here is not generally applicable, relaxational properties 
of the acceptor strongly influence the efficiency with which its vibrations can 
be accessed For fast relaxing species it is necessary to increase the sensitiv-
ity with which the hot bands are detected An example is given in Chapter 
4 where the data of several propyne scans have been accumulated in order 
to increase the signal-to-noise ratio A further improvement is obtained if 
an external build-up cavity or a multiple pass cell is applied for the probe 
laser beam 
The complementarity of our spectra and conventional absorption or 
Fourier Transform spectra is demonstrated in Chapters 3 and 6 The rota-
tional cooling in the expansion greatly simplifies our spectra as compared to 
e g congested FTIR spectra, though it limits the analysis to low rotational 
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quantum numbers The reduced hnewidth in the jet spectra allows to better 
resolve closely spaced transitions, such as Q-branch structures In our spec­
tra it has thus been possible to observe the weak Q-branches of several hot 
bands in acetylene, for which only the P- and R-branches had been observed 
before m absorption spectra[l] 
In ethylene, several hot bands have been identified, first in our rotation-
ally cooled spectra the transitions with low J, К were assigned and from 
there the assignments have been extended to higher quantum numbers with 
the use of FTIR spectra recorded at ambient and at elevated temperatures 
We expect that also the identification of complicated hot band structures 
in the jet cooled ethane spectra will contribute to a better understanding of 
the extremely congested room temperature spectra[2] 
The hot bands studied in the symmetric top molecules propyne and 
ethane both possess a degenerate vibration as lower state This has led 
to the observation of band shapes quite different from fundamental bands 
where the lower state is always the (non-degenerate) ground state In ethane, 
the upper state of the band studied has been found to consist of three sub-
states with three distinct vibrational symmetries, two of which accessible 
from the lower state The thus observed hot band spectrum consists of two 
perpendicular components, a structure which to our knowledge has not been 
observed before in D$j molecules 
In the hot band spectra studied here spectral perturbations vary from 
rare (C2H2) to numerous (C2H0) Ethylene is an intermediate case, a num­
ber of dark state perturbers has been clearly identified from their effects on 
the bright states studied In order to illustrate that such an analysis is far 
from trivial, all possible perturbing candidates are listed in Table 7 1 The 
list has been generated by summing the twelve harmonic fundamental fre­
quencies and selecting the combinations located close to the bright states [3] 
Levels in bold have actually been taken into account in the analysis of the 
spectra 
The criteria for anharmonic (Fermi) and Conohs type perturbations can 
be derived from the requirement that coupling can only occur between levels 
with identical J-quantum number and identical overall rovibrational sym­
metry From the K
a
 — KL parity for C2H4 listed in Table 2 1, the rules given 
in Table 7 2 can be concluded [4] Conohs type perturbations arise from ro­
tation of the molecule and therefore vanish for the rotationless state ( ƒ = 0) 
in contrast to anharmonic perturbations In addition, weak effects due to 
higher order interaction schemes with ΔΚ > 1 may be observed, since only 
levels with identical overall symmetry can interact, ш С І Щ only states with 
identical inversion symmetry can perturb each other (u « », i/ tì j ) Note 
that in Table 7 1 only gerade levels have been listed since all observed bright 
states are gerade Whether or not a dark state affects the bright state is de-
termined by two parameters First, К stacks of bright and dark state, with 
AK and parity such to allow an interaction according to Table 7 2, must 
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ТЬЫе 7.1: Calculated combination levels of ethylene near 4000 cm~l ne­
glecting anharmonic contributions. As interactions occur between states 
with identical inversion symmetry and ah bright states are gerade, only lev­
els with gerade symmetry have been listed here. Bright states and their 
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cross or at least approach each other. This depends on the exact values for 
the band origin and the rotational constants in particular the A constant 
of the dark states. For instance, if two states are located very close to 
each other it is unlikely for b- or c-type Coriolis interactions to be important 
because if-stacks differing by one unit do not cross. Second, the strength 
of the interaction - depending mainly on the number of vibrational quanta 
that are 'annihilated' and 'created' - determines how large the effect is. It 
is obvious that the higher the accuracy the more spectral perturbations are 
observed. 
A good knowledge of the fundamental band and its perturbera is def­
initely an asset in the understanding of the hot band spectrum because 
similar perturbations are expected when an identical vibrational quantum 
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Table 7.2: Interaction mechanisms for ethylene, note that only rovibra-
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is added to both the fundamental and its perturbing dark states A rein­
vestigation of the C-Η stretching fundamentals m ethylene is currently in 
progress in the laboratory of A Fayt, Louvain-La-Neuve (B) In order to 
better understand the dark states perturbing the ethane hot band spec­
trum, a first step would be to elucidate which of the dark states affect the 
uj fundamental 
Determination of absolute relaxation rates has not been an objective of 
the experiments described m this thesis In the expansion chamber, the two 
laser beams, nearly parallel, cross each other under a small angle, so that 
their spatial separation is not well defined This set up excludes to determine 
absolute rates in the way described in Ref [5], where pump and probe beams 
cross each other at 90° However, it has been possible to study relative 
relaxation rates, that is we have clearly demonstrated the possibility to 
discriminate between slow and fast relaxion processes, relaxational pathways 
and propensities have been investigated 
The fascinating relaxational behaviour of ethylene, first reported by Dam 
and coworkers[6], plays a key role m this work again The fast νη -л v\§ 
vibrational energy transfer and the relative stability of the і/щ mode under 
collisions, renders intense signals on hot bands starting from that mode 
Nevertheless, by increasing the sensitivity of our apparatus and exploiting 
the possibility to label certain rovibrational levels, we also got hold of two 
weak hot bands starting from the colhsionally unstable v? state 
In Chapter 2, a theoretical investigation has been earned out in or­
der to find the terms in the interaction potential responsible for colhsional 
intra-molecular rotational and rovibrational relaxation, certain symmetry 
restrictions (propensities) for ethylene have been derived from this analysis 
Exchange of a vibrational quantum between two molecules - also referred to 
as 'swapping' - was not considered in this analysis In swapping collisions, 
which can occur between equal and between different molecular species, we 
have assumed that 'anything goes' 
From an experimental point of view, intermolecular energy transfer from 
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C2H4 to C2H2 has clearly shown that it is possible to access both gerade 
and ungerade vibrations of the acceptor molecule during such processes, 
hot bands starting from both the ι^(Π9) and from the i>s(n„) have been 
observed However, in hot band spectra of C2H4, recorded after vibrational 
energy transfer from SFe, no clear evidence for hot bands starting from 
the gerade щ mode has been found It would be interesting to perform a 
theoretical investigation addressing the issue of V-V exchange in order to 
better understand the propensities observed in such processes In particular, 
an unresolved issue is the fast тЬо-що relaxation in C2H4 
In ethane, rather disparate relaxation channels[7] led to the interesting 
observation that the low lying torsional levels did not receive significant pop­
ulation, however, the torsional levels cause a high density of states at the 
excitation energy of our experiment In combination with the ^-symmetry 
(Ε ® .Ε-symmetry) of the initial (final) state, this caused the observed hot 
band to show a quite complicated structure Based on lower state combina­
tion differences the analysis has shown that the observed hot bands are the 
two perpendicular components of a split band Torsional СгЩ excitation 
is quickly converted into end-over-end rotation of the molecule, as has been 
concluded from the observation that high rotational levels in the ground 
state gain substantial population during collisions Though many, mainly 
weak, spectral features remain unassigned, no transitions have been found 
belonging to hot bands starting from excited torsional states 
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Samenvatting 
Dit proefschrift is gewijd aan onderzoek naar spectroscopie en relaxatie van 
vibrationeel aangeslagen moleculen Verschillende kleine koolwaterstoffen 
7ijn bestudeerd door toepassing van infrarood-infrarood dubbel resonantie 
technieken in een supersonische expansie Botsingen tussen moleculen m 
de expansie zijn gebruikt om populatie te verdelen over vele rovibrationeel 
aangeslagen toestanden 
De supersonische expansie wordt gevormd door de te bestuderen mole-
culen (in de gasfase) door een spleet-nozzle (20x0 05 mm) in een vacuum 
kamer te spuiten Door de expansie koelen de moleculen sterk af en komen in 
de laagste rotationele toestanden van de vibrationele grondtoestand terecht 
De/e rotationeel gekoelde moleculen zijn spectroscopisch eenvoudiger te be-
grijpen dan warme moleculen daar er minder quantumtoestanden bezet zijn 
zodat er minder overgangen waargenomen worden in het spectrum 
De spectroscopische overgangen, die in dit proefschrift bestudeerd zijn, 
starten niet vanuit de grondtoestand maar vanuit een vibrationeel aange-
slagen toestand Aangezien het overgrote deel van de moleculen in de ex-
pansie neh in de grondtoestand bevindt, zullen we die uitgangssituatie eerst 
moeten prepareren Dit gebeurt door de moleculen te bestralen met een goed 
gedefinieerde kleur licht Deze straling wordt gegenereerd in een CO2 laser 
en de frequentie (= kleur) is precies afgestemd op een rovibrationele over-
gang in het molecuul, alleen fotonen waarvan de frequentie is afgestemd op 
een moleculaire overgang kunnen door dat molecuul worden geabsorbeerd, 
waarbij het molecuul vanuit de grondtoestand in een vibrationeel aangesla-
gen toestand wordt gebracht Het aldus creëren van een begintoestand in 
de moleculen wordt 'pompen' genoemd, teneinde voldoende moleculen in 
de aangeslagen toestand te brengen dient men een krachtige pomp-laser te 
gebruiken 
Door moleculaire botsingen tijdens de expansie wordt de populatie, die 
met de pomp-laser naar een rovibrationeel niveau gebracht is, verdeeld over 
vele omringende rovibrationele niveaus Zo ontstaat een beginsituatie waarin 
vele ïotationele niveaus van een of enkele vibraties bezet zijn Vanuit deze 
beginsituatie worden vervolgens spectra bestudeerd van banden die 'hot 
bands' worden genoemd, omdat zij niet starten vanuit de grondtoestand (die 
banden noemt men fundamentelen of ook wel 'cold bands') die bij kamertem-
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peratuur verreweg de meeste populatie herbergt 
Om de hot bands waar te kunnen nemen sturen we een tweede infrarood 
laser, de probe-laser, door de expansie en meten na het passeren daarvan het 
vermogen met een pyro-detector Wanneer de frequentie van het laserlicht 
overeenkomt met een moleculaire resonantie wordt de straling geabsorbeerd 
en we meten een lager signaal dan wanneer dit met het geval is Door nu 
de frequentie van de probe-laser geleidelijk te veranderen (scannen) en het 
signaal van de detector te registreren, verkrijgen we een absorptie-spectrum 
Om de gevoeligheid te vergroten wordt de pomp-laserbundel gemodu-
leerd (zeer snel onderbroken) door middel van een chopper (draaiende schijf 
met gaten) Daardoor wordt de populatie in de niveaus verbonden door 
de pomp-laser en in de niveaus die via relaxatie daarmee in verbinding 
staan, gemoduleerd Vervolgens passen we fase-gevoelige detectie toe, dat 
wil /eggen, het signaal met pomp-laser aan en met pomp-laser uit wordt 
van elkaar afgetrokken Zo registreren we feitelijk het verschil in probe-laser 
absorptie door de moleculen, geïnduceerd door de pomp-laser Dit verschil 
kan zowel positief als negatief zijn, aangezien de onderste toestand van de 
probe-overgang door de pomp-laser bevolkt (hot band) of ontvolkt (cold 
band) kan worden (zie Figuur 1 2) Een bijkomend voordeel van deze tech-
niek is dat zo hot band overgangen en fundamentele overgangen eenvoudig 
van elkaar onderscheiden kunnen worden Als de probe-laserfrequentie niet 
overeenkomt met een moleculaire resonantie, is het absorptie-signaal met 
pomp-laser aan en uit even groot en is het verschil dus gelijk aan nul Dit 
betekent dat de achtergrond in onze spectra nul is in tegenstelling tot conven-
tionele absorptie-spectroscopie, waar men genoodzaakt is tegen de achter-
grond van het laservermogen te detecteren 
De CO2 laser kan slechts licht uitzenden in een aantal smalle frequen-
tie intervallen Derhalve kunnen alleen moleculen geexciteerd worden die 
overgangen bezitten in die intervallen Om ook hot band spectra te kunnen 
bestuderen van moleculen die niet zulke coïncidenties met CO2 laserfiequen-
ties hebben, is de volgende techniek toegepast Een mengsel van twee ver-
schillende moleculen wordt geëxpandeerd waarbij we het ene soort moleculen 
willen bestuderen en het andere soort resonant kunnen exciteren met een 
CO2 laser Na excitatie van deze laatste zorgt botsingsrelaxatie in de expan-
sie voor energie overdracht naar het andere soort moleculen door uitwisseling 
van een vibratie-quantum, het donor molecuul valt terug naar de grond-
toestand, terwijl het acceptor molecuul vibrationeel wordt aangeslagen De 
efficiëntie van dit proces is sterk afhankelijk van de stabiliteit van de verschil-
lende vibrationele niveaus in beide moleculen onder invloed van botsingen 
Op deze manier geexciteerde moleculen en direct geexciteerde moleculen 
kunnen zeer verschillende relaxatie propensities (voorkeurskanalen waar-
langs de relaxatie verloopt) vertonen, zoals onderzocht voor ethyleen m dit 
proefschrift 
Deze propensities en relaxatiekanalen in de verschillende moleculen zijn 
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hier ook onderzocht, zij het kwalitatief Aangezien we weten waar de CO2 
laser de moleculen naartoe pompt en vanuit welke toestand een probe-
overgang begint, weten we tussen welke niveaus relaxatie heeft plaatsgevon-
den Door intensiteiten van verschillende probe-overgangen te vergelijken 
krijgen we een beeld van de voorkeursnchting(en) van de relaxatie in het 
molecuul Het bepalen van absolute relaxatietijden is erg moeilijk en is hier 
buiten beschouwing gelaten 
Ook in conventionele infra-rood spectra, bijvoorbeeld Fourier transform 
infrarood (FTIR) spectra, zijn de hot bands startende uit de laagste vi-
brational aangeslagen niveaus vaak waarneembaar, zij het zwak, daar deze 
niveaus een klein deel van de totale populatie bezitten bij kamertemper-
atuur Dit kleine beetje populatie kan wat vergroot worden door het sam-
ple te verwarmen Hot band spectroscopie met behulp van deze spectra is 
vaak erg ingewikkeld omdat de zwakke hot band lijnen geïdentificeerd di-
enen te worden tussen de sterke fundamentele overgangen Een voordeel 
is echter dat in tegenstelling tot de jet spectra, ook niveaus met hoge ro-
tationele quantumgetallen nog een redelijke bezetting vertonen, waardoor 
het mogelijk is de analyse voort te zetten in deze hogere energetische re-
gionen Aldus kunnen jet spectra en FTIR spectra complementair gebruikt 
worden, de herkenning en eerste analyse van de laagste rotationele niveaus 
wordt uitgevoerd aan de hand van de jet spectra waarna de hogere niveaus 
worden gezocht in de FTIR spectra In het laatste hoofdstuk van dit proef-
schrift hebben we, met behulp van FTIR spectra opgenomen in de groep 
van M Wmnewisser in Giessen (BRD), een dergelijke tactiek toegepast op 
het hot band spectrum van ethyleen bij 3000 cm - 1 
Twee aspecten waarin hot band spectra zich onderscheiden van fun-
damentele spectra komen in de verschillende experimenten duidelijk naar 
voren Ten eerste kan de band een wat andere vorm hebben dan het fun-
damentele spectrum als gevolg van het feit dat de onderste toestand van de 
overgang niet langer noodzakelijk totaal symmetrisch is In het geval van 
een fundamentele overgang is dit wel zo, immers, de onderste toestand is 
per definitie de totaal symmetrische grondtoestand (zie Fig 1 1) Toepas-
sing van de algemeen geldende infrarood selectie-regels op overgangen tussen 
twee ontaarde vibrationele niveaus kan bijvoorbeeld leiden tot zo'n afwijken-
de bandvorm, zoals gezien is in ethaan en, in mindere mate weliswaar, in 
propyne 
Een tweede verschil waar men rekening mee dient te houden, wordt 
veroorzaakt door het feit dat de bovenste toestanden van de hot band over-
gangen op relatief hoge energetische niveaus liggen Naarmate we de mole-
culaire energieladder verder beklimmen, neemt het aantal vibrationele com-
binatieniveaus dramatisch toe De dichtheid van deze zogenaamde achter-
grondtoestanden kan eenvoudig geschat worden door alle mogelijke combi-
naties van fundamentele vibratie's bij een bepaalde energie te tellen De 
achtergrondtoestanden zijn over het algemeen niet direct zichtbaar in het 
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spectrum omdat ze weinig of geen absorptiesterkte bezitten; vandaar dat ze 
ook wel donkere toestanden worden genoemd. Hun aanwezigheid is echter 
wel degelijk merkbaar door hun effect op de bestudeerde toestand, ook wel 
heldere toestand genoemd. Door verschillende interactiemechanismen kun-
nen de donkere toestanden de ligging van de rotationele niveaus van de 
heldere toestand verstoren. Wanneer de dichtheid van achtergrondtoestan-
den niet te groot is, kan men uit de aard en grootte van de verstoringen in 
het spectrum van de heldere toestand, parameters afleiden voor individu-
ele donkere toestanden. Door de donkere toestanden te introduceren in de 
fits van de rotationele energieniveaus van de heldere toestand, wordt een 
aanzienlijk verbeterde standaarddeviatie verkregen ten opzichte van fits aan 
een standaard starre rotor Hamiltoniaan. Op deze manier zijn in samen-
werking met A. Fayt in Louvain-La-Neuve (B) een aantal donkere toes-
tanden geïdentificeerd en grofweg gekarakteriseerd in de verschillende spec-
tra van ethyleen. Voor ethaan, waar de dichtheid van achtergrondtoestan-
den beduidend hoger is, hebben we ervoor gekozen iedere К -ladder apart 
te analyseren en zodoende zijn effectieve parameters, waar het effect van de 
storing(en) in verdisconteerd is, verkregen. 
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